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An extensive study of the performance of railroad superstructure in rail transit systems was 
conducted at the University of Illinois at Urbana-Champaign (UIUC) as part of a research program 
funded by the Federal Transit Administration (FTA).  Focusing on field characterization of the 
performance of prestressed monoblock concrete crossties and premium elastic fastening systems, this 
project aimed to quantify the behavior of the aforementioned track superstructure elements under 
different rail transit loading conditions.  Instrumentation was deployed at three different North American 
rail transit agencies; on a light rail transit system, on a heavy rail transit system and on a shared corridor 
with both commuter rail and freight train traffic, targeting specific aspects for each of the track 
components included in the study.  Extensive field monitoring spanned over several months for all the 
sites and large data sets were developed.  Flexural performance results of crossties under light rail loading 
conditions were compared with projected design capacities obtained from the application of current 
design standards, and a structural reliability analysis (SRA) was employed to study the flexural capacity 
of the sleeper design, calculating the probability of failures.  Furthermore, results from an extensive field 
study of temperature effects on the flexural behavior of rail transit concrete crossties is presented.  The 
temperature study comprised the analysis of the relationship between temperature in the crosstie and the 
ambient temperature, the effect of curling due to temperature gradient on the flexural performance of 
concrete crossties, and the potential additional stresses due to nonlinear temperature gradient, shedding 
additional light on their effect on the design of prestressed monoblock concrete crossties.  To complete 
the railroad superstructure analysis, rail displacements of different fastening system designs and under 
varied loading scenarios were analyzed and compared.  This thesis aimed to provide additional insight 
into the design of railroad track components for rail transit applications.  Current design methodologies 
used in the rail transit industry do not always lead to accurate, optimal designs.  To aid in closing this gap 
and improving the efficiency of designs, this thesis proposes a probabilistic-based design approach, 
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quantifies the effect of temperature on concrete crosstie flexural behavior, and presents the advantages of 
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CHAPTER 1: INTRODUCTION 
 
1.1 Introduction 
Rail transit is a common mode of passenger transport used in medium to large cities throughout 
the world.  In most of the world’s largest cities, rail transit agencies play a key role in the daily commute 
of millions of people, aiding in the mitigation of highway congestion.  In recent years, North American 
rail transit systems have undergone considerable expansion through the construction of new lines or other 
methods of adding capacity (Higgins et al., 2014; Allen and Levinson, 2014), involving significant public 
investment.  For this reason, recent research has focused on the optimization of rail infrastructure and its 
components at a variety of levels.  Within the classification of rail transit are unique modes serving 
desperate purposes based on qualifiers that include the type of infrastructure, the type of service (urban or 
suburban), and operating speed, which generally dictate the use of different types of railcars (i.e. rolling 
stock).  Because of this, variable loading environments can be found within the different rail transit modes 
both domestically within the United States (Lin et al., 2017) and worldwide.  Due to the varied loading 
environments, both among rail transit systems and within the freight railroad and high-speed rail domains, 
differences in the design of railroad infrastructure and its components may be necessary.   
In the field of railroad track superstructure design and performance, research has been conducted 
on a variety of different topics relating to concrete crossties (Kaewunruen and Remennikov, 2009; 
Murray and Bian, 2012; Chen et al., 2014; Wolf et al., 2015; Edwards et al., 2017a; Edwards et al., 
2017b) or premium elastic fastening systems (Chen et al., 2014; Williams et al., 2016; Holder et al., 2017; 
Edwards et al., 2017a), but these have focused primarily on freight applications.  For this reason, as part 
of one of the largest rail transit track superstructure research projects to date, the author aims to shed 
some light on the performance of track components in rail transit applications.  With the support of the 
Federal Transit Administration (FTA), this thesis is part of a larger ongoing research effort within the Rail 
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Transportation and Engineering Center (RailTEC) at the University of Illinois at Urbana-Champaign 
(UIUC) that aims to investigate and assess the design of concrete crossties and fastening systems for rail 
transit applications.  For this purpose, the presented research focuses on the field instrumentation of 
different rail transit modes at multiple locations and the analysis of the collected field data.  The primary 
goal of this research is to understand the revenue service field behavior of the track superstructure 
components and use this information to impact their future design.  Extensive field monitoring has been 
conducted, large data sets spanning several months have been analyzed, and conclusions have been 
drawn.  All of these elements of the project are supported through laboratory experimentation, numerical 
simulation, and analytical methods. 
1.2 Objectives 
The objectives of this study are as follows: 
 Understand the behavior of prestressed monoblock concrete crossties under different rail transit 
loading environments through the use of field experimentation. 
 Investigate the effect of external environmental conditions and different maintenance practices on 
the performance of concrete crossties. 
 Assess current industry design methodologies through the quantification of field loading and the 
resulting flexural response (behavior) of concrete crossties.  
 Quantify the performance of premium elastic fastening systems under different rail transit loading 
conditions.  
1.3 Thesis Outline 
The content of this thesis consists of a total of six chapters including this introduction.  The scope 
of each chapter is briefly described in the following paragraphs. 
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 Chapter 2 describes the scope of the project and its object of study, the field instrumentation that 
is deployed, the experimentation locations, and the data management procedures.  The project described 
in this thesis focuses on the analysis of track superstructure components for rail transit applications, 
therefore the collection of field data to address the proposed questions is discussed in significant depth, 
from instrumentation to the processing of data to obtain a useful output.  
 Chapter 3 concentrates on the assessment of current design methodologies based on the field 
results of concrete crosstie flexural response under light rail loading conditions.  Using the field data that 
were collected in this study, the assumptions associated with the prevailing design methodologies are 
tested against the field bending moment results to assess their adequacy.  In addition to this, a 
probabilistic approach is presented based on the field data and the geometrical and material characteristics 
of the light rail crosstie design, assessing the efficiency of the investigated design. 
 Chapter 4 elaborates on the effect of temperature variations on the flexural behavior of concrete 
crossties under a variety of unique loading scenarios.  The effect of the exterior temperature, the variation 
in the support conditions due to temperature gradient, and the imposed stresses by non-linear temperature 
gradients are studied and quantified.  Temperature and flexural data were obtained for all three modes of 
rail transit, further providing opportunities for modal comparison of track component performance. 
 Chapter 5 discusses the performance of two premium elastic fastening system designs used in rail 
transit systems.  The behavior of the targeted designs is studied and assessed through the measurement of 
rail displacements at the rail base.  Additionally, the lateral field-derived stiffness is captured, facilitating 
the comparison of the rail transit designs with freight field fastening system data, all allowing the author 
to draw conclusions regarding the role of lateral rail restraint. 
 Chapter 6 summarizes the main findings of this thesis and addresses the aforementioned 
questions associated with each of these.  Final conclusions and proposed future work are also documented 
and discussed.  
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CHAPTER 2: DEVELOPMENT OF FIELD EXPERIMENTATION AND AUTOMATED DATA 
PROCESSING METHODS FOR RAILROAD TRACK SUPERSTRUCTURE ANALYSIS 
 
2.1 Introduction 
A field experimentation plan was developed by researchers at UIUC in order to capture the field 
behavior of the specific track components included in this study.  Through the instrumentation of rail 
transit infrastructure at discrete locations, through access provided by rail transit partner agencies, 
relevant field data could be collected to establish a baseline to address the proposed questions.  This 
Chapter introduces the different rail transit partner agencies that collaborated in this project, the analyzed 
track components (prestressed monoblock concrete crossties and premium elastic fastening systems), and 
the field instrumentation deployed at each of the field sites.  In addition, how the data were collected, 
processed, and studied is also discussed.  This Chapter aims to be a comprehensive introduction to the 
project funded by the FTA and the research presented within this thesis. 
2.2 Object of Study  
2.2.1 Partner Agencies and Modal Comparison 
The rail transit mode of transport encompasses a wide range of steel wheel and steel rail based 
systems that can differ largely in a variety of aspects including type of rail cars and operating speed (and 
consequently in loading environment), level of design of the infrastructure, or even the type of passenger 
service provided.  This results in a myriad of different cases (systems), driving researchers at UIUC to 
pursue a comprehensive analysis of rail transit infrastructure.  Due to the proposed railroad track 
component analysis and the comprehensive objective of this study, three different rail transit modes 
where analyzed, through partnerships with three rail transit agencies in the United States.  The locations 
of the three partner agencies are shown in Figure 2.1. 
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 Light Rail: This type of rail transit system represents the lowest loading environment that is 
analyzed in the project (in terms of load magnitude).  Light rail, as defined by the American 
Public Transportation Association (APTA), is a mode of transit service typically powered by an 
overhead electric line, typically operating two or three-car passenger train consists.  The light rail 
partner agency for this project was St. Louis MetroLink (hereafter identified as “MetroLink”) 
operating in the greater St. Louis, Missouri area.  The field site is located in East St. Louis, 
Illinois. 
 Heavy Rail: APTA considers heavy rail as electric railway with capacity to handle a heavy 
volume of traffic, in contraposition with light rail systems.  Having heavier axle loads, heavy rail 
systems are characterized by having their own dedicated right of way.  For this project, 
researchers at UIUC partnered with MTA New York City Transit (hereafter “NYCTA”), 
deploying the later-on described field instrumentation on the IND Rockaway Line.  NYCTA 
operates 36 subway (heavy rail) lines in the New York, New York area.  The field site is located 
in Far Rockaway, New York. 
 Commuter Rail: As the heaviest rail transit loading environment, commuter rail is unique in that 
it often does not have an exclusive right-of-way.  As such, the selected site was on a shared 
corridor that had both commuter rail and heavy axle load (HAL) freight rolling stock.  While this 
is not always the case, especially in the northeastern United States, shared infrastructure is 
common for commuter rail operations.  The commuter rail field site for this project is located on a 
railroad line within the Chicago Metra (hereafter referred to as “Metra”) system, and Union 
Pacific Railroad the owner of the track.  The field site is located in LaFox, Illinois, west of 




Figure 2.1  Map of the United States showing the three partner  
rail transit agencies for the FTA project and the location of the UIUC laboratory  
2.2.2 Rolling Stock 
 St. Louis MetroLink:  The light rail vehicles (LRVs) used in this system are Siemens SD-400 and 
Siemens SD-460 series vehicles.  In general, LRVs have both powered and unpowered trucks.  
For the cars used in this system, each vehicle has two powered trucks and one center unpowered 
truck, adding up to a total of six axles per car distributed over three trucks.  The wheel static load 
ranges from 6.49 kips (28.87 kN) to 9.59 kips (42.66 kN) in the empty condition (AW0), having 
heavier loads for the powered axles (Table 2.1).  The specific static loads for each wheel are 
given in Table 2.1 for AW0 and AW3 (crush load conditions), assuming that all the wheels are 
equally loaded when the train is in AW3 loading conditions.  The static AW0 and AW3 loads 
provided in Table 2.1 were provided by MetroLink. 
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Table 2.1  AW0 and AW3 static wheel loads for MetroLink light rail vehicles 
Axle 
AW0 AW3 
Left Wheel Right Wheel Left Wheel Right Wheel 
kips (kN) kips (kN) kips (kN) kips (kN) 
1 9.56 (42.50) 7.55 (33.58) 12.46 (55.42) 10.45 (46.48) 
2 9.59 (42.66) 7.43 (33.05) 12.49 (55.56) 10.33 (45.95) 
3 6.97 (31.00) 6.80 (30.25) 9.87 (43.90) 9.70 (43.15) 
4 7.29 (32.43) 6.49 (28.87) 10.19 (45.33) 9.39 (41.77) 
5 7.84 (34.87) 9.21 (40.97) 10.74 (47.77) 12.11 (53.87) 
6 8.04 (35.76) 9.14 (40.66) 10.94 (48.66) 12.04 (53.56) 
 
The normal trainset consists of two coupled vehicles in ABBA configuration, or 12 axles per 
train.  The BA configuration of one car is shown in Figure 2.2.  
 
Figure 2.2  Drawing of LRV used on MetroLink 
 MTA New York City Transit: The instrumented site is part of the New York City Subway 
system.  The type of car operated at the instrumented location is a R-46, manufactured by 
Pullman Car Company between 1975 and 1978.  An elevation drawing of the aforementioned 
cars is shown in Figure 2.3.  Every AB set is formed by two cars of four axles each, operating 8-
car trains, adding up to 32 axles per train.  In contraposition to LRVs, all the axles are powered, 
which results in a relatively constant static axle load throughout the train.  The static loads 
provided by NYCTA are presented in Table 2.2. 
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Table 2.2  Static wheel loads for NYCTA heavy rail vehicles 
AW0 AW2 AW3 
kips (kN) kips (kN) kips (kN) 
11.375 (50.599) 14.147 (62.929) 16.625 (73.952) 
 
 
Figure 2.3  Drawing of vehicles used on NYCTA at the Far Rockaway field site 
 Chicago Metra: Given it is a shared corridor, many different types of rolling stock pass over the 
site.  For the purposes of this project, the two primary types can be identified as commuter rail 
rolling stock and HAL freight rolling stock.  Both groups can be further subdivided between cars 
that carry either passengers (commuter rail) or cargo (freight) and the locomotives that either 
push or pull the train.  
2.2.3 Track Superstructure 
Ballasted track is the most common type of track superstructure used in railroads worldwide due 
to its simplicity and efficiency.  As shown in Figure 2.4, its composition is simple, based on the transferal 
of loads from the rail, where very large stresses are found, all the way down to the subgrade, where 
comparatively lower stresses can be accepted (Hay, 1982).  The content of this thesis focuses on the 
superstructure side of the track system (above the bottom of the crosstie), researching the performance of 
and potential improvements to the following elements: 
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 Crossties (or sleepers, as they are referred to outside North America) are oriented perpendicular 
to the rail and embedded in the ballast that transfer and distribute wheel loads from the rail to the 
ballast, restrain the track against lateral, longitudinal, and vertical movement, and maintain the 
gauge to admissible limits (Hay, 1982).  Thus, crossties are primarily subjected to bending 
stresses, similar as beam elements, due to the type of loading and are very much impacted by the 
underlying support conditions.   
 A fastening system is a group of elements that attach the rail to its support with the objective of 
preserving track geometry.  Additionally, for more stiff tracks, like the ones that are constructed 
from concrete crossties, the fastening system provides elasticity in order to attenuate 
displacements.  The high stiffness of concrete crosstie track leads to large vertical fastener forces 
due to the lift tendency caused by at both sides of a passing wheel, requiring premium elastic 
fastening systems (Kerr, 2003).  The functions of the fastening system include the provision of 
transfer of rail loads, longitudinal restraint of the rail, torsional resistance, vertical and lateral 
flexibility, electrical insulation, and vibration attenuation.  Also, this track component should be 
designed against wear and fatigue (Hay, 1982; Kerr, 2003; do Carmo, 2014). 
 
Figure 2.4  Schematic drawing of ballasted track cross section (Selig and Waters, 1994) 
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 The FTA-sponsored program under which the research presented in this thesis was developed 
focuses on the study of rail transit applications of concrete crossties and elastic fastening systems.  
Concrete crossties comprise about 5-10% of the total deployed crossties in North American while timber 
crossties represent around 90-95% (Csenge et al., 2015).  However, concrete crossties are typically 
installed in the most demanding service conditions, such as high curvature and high axle load (Gao et al., 
2016).  Among the different applications of concrete for the manufacturing of crossties, the most common 
type is the monoblock prestressed concrete crosstie.  As it can be inferred from its name, it is a 
prefabricated element that uses active reinforcement as embedded in a unique concrete piece as the main 
structural resisting elements.  The use of concrete crossties, in comparison with timber crosstie ballasted 
tracks, allow for a more resilient system with a longer life cycle.   
The inherent rigidity of the materials yields an overall stiffer track, that, while it allows for lower 
vertical displacements, presents different challenges in force distribution.  For this reason, the use of 
concrete crossties require the use of premium elastic fastening systems to provide additional elasticity to 
the system.  Previous research has focused on the understanding of the load distribution of elastic 
fastening systems under demanding loading scenarios found at freight environments (Williams et al., 
2016; Holder et al., 2017).  
The FTA-sponsored project under which the presented research was conducted focused on 
investigating different prestressed monoblock concrete crosstie designs used in rail transit applications.  
The four different crosstie designs (i.e. models) use high strength concrete with a compressive strength 
ranging from 7 to 11 ksi (48.3 to 75.8 MPa) and Grade 270 prestressing steel (i.e. ultimate strength of 270 
ksi (1,861.6 MPa)).  Designs 1 through 3 use the same type of prestressing wire, which is 0.21 in (5.32 
mm) in diameter.  At the cross-sectional level, the crossties have a trapezoidal shape.  Previous field 
research found the center cross section to be more prone to undergo negative bending.  On the other hand, 
the rail seat cross sections are generally subjected to positive bending (Wolf et al., 2015; Bastos et al., 
2017; Edwards et al., 2018a).  For this reason, design standards identify the center subjected to negative 
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bending moment and the rail seat subjected to positive bending moment as the key design cases 
(American Railway Engineering and Maintenance-of-Way Association, 2017; European Committee for 
Standardization, 2009; International Union of Railways, 2004; Standards Australia, 2003).  Hence, to 
optimize the use of straight prestressing steel wires, typical designs adopt varying cross sections 
throughout the length of the member, being deeper at the rail seats.  Figure 2.5 (a) shows a sketch of the 
elevation of a typical concrete sleeper.   
 
(a)  Elevation sketch of prestressed monoblock concrete crosstie 
 
(b)  Sketch of design cross sections of a prestressed monoblock concrete crosstie 
Figure 2.5  Elevation and design cross sections of typical concrete crossties 
The idea behind this is to define the overall crosstie geometry and steel wires arrangement in a 
way such that the eccentricity, being this the distance between the center of gravity of the steel (c.g.s.) and 
the center of gravity of the concrete (c.g.c.), generates a prestressing-based moment that opposes the 
primary flexural demand on the crosstie.  Figure 2.5 (b) graphically represents this concept, where having 
a constant height of the c.g.s. along the crosstie, the c.g.c. at the center cross section can be found below 
the c.g.s. and above it at the rail seats.  
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 Thus, aiming to illustrate the difference between transit systems through a modal comparison, it is 
necessary to understand the variation in railroad infrastructure at the component level for different types 
of loading demand.  The three instrumented sites used different crosstie and fastening system designs.  
These differences emanate from different loading environments and site conditions, as well as different 
manufacturers (suppliers).  “Design 1” is a crosstie developed for light rail systems, while “Design 2” 
targets the requirements of heavy rail systems.  Designs 3 and 4, furnished by different manufacturers, 
were developed for freight applications, generally more demanding than commuter rail loading.  A 
compilation of the different instrumented crosstie designs and their key characteristics are shown in 
Table 2.3. 
Table 2.3  Characteristics of two types of crosstie used in this study for light and heavy rail 
applications, and comparison to a typical HAL freight crosstie 
Rail Transit System MetroLink NYCTA Metra 
Crosstie Design Design 1 Design 2 Design 3 Design 4 
  Imperial (SI) Imperial (SI) Imperial (SI) Imperial (SI) 
Crosstie 
Geometry 
Length 8’ 3” (2.51 m) 8’ 6” (2.59 m) 8’ 6” (2.59 m) 8’ 0” 





12 18 20 12 
Jacking Force 7 kips (31.1 kN) 7 kips (31.1 kN) 7 kips (31.1 kN) 11 kips (48.0 kN) 
Precompression 
(Crosstie Center) 
1.48 ksi  
(10,204 kN/m2) 
2.01 ksi  
(13,858 kN/m2) 
2.24 ksi  
(15,444 kN/m2) 








144 kip-in  
(16.3 kN-m) 
168 kip-in  
(19.0 kN-m) 
230 kip-in  
(26.0 kN-m) 
Design 
147 kip-in  
(16.6 kN-m) 
194 kip-in  
(21.9 kN-m) 
230 kip-in  
(26.0 kN-m) 





93 kip-in  
(10.5 kN-m) 




105 kip-in  
(16.3 kN-m) 
132 kip-in  
(14.9 kN-m) 
186 kip-in  
(21.0 kN-m) 





179 kip-in  
(20.2 kN-m) 
250 kip-in  
(28.3 kN-m) 
300 kip-in  
(33.9 kN-m) 
Design 
221 kip-in  
(25.0 kN-m) 
283 kip-in  
(32.0 kN-m) 
381 kip-in  
(43.1 kN-m) 











136 kip-in  
(15.4 kN-m) 
178 kip-in  
(20.1 kN-m) 
219 kip-in  
(24.7 kN-m) 




In general, premium elastic fastening system are designed as a total “system” as opposed to the 
individual clip, pad, or other component.  Although it can vary depending on the design and the 
manufacturer, the main components of a premium elastic fastening system and their functions, as defined 
by Kerr (2003), are: 
 Spring clip with toe insulator: This element is an elastic component that generates longitudinal 
resistance to rail movement by imposing a toe load or clamping force (Kerr, 2003; 
do Carmo, 2014).  This is the part of the fastener that restrains the rail from uplift and creep, not 
requiring separate anchors that are used in timber crosstie track.  Typically, the clip is not in 
direct contact with the rail base, having an insulator at its tip.  The insulator provides electrical 
isolation between rail and fastening system, transmits the clamping force from clip to rail, and are 
generally made of a plastic material (do Carmo, 2014). 
 Cast-in shoulder, used for gauge retention: This component, which serves as transition between 
two components of significantly different stiffnesses, is usually made of cast iron or forged steel 
(do Carmo, 2014).  Due to the large vertical loads imposed on the fastener in concrete crosstie 
track, the fastener-crosstie connection requires a more robust design than standard timber 
crossties, where the fastener is commonly spiked to the crosstie.  The shoulder absorbs the lateral 
forces imparted to the rail, restraining it from horizontal displacements.  Some fastener designs 
present a collar that contributes to lateral stiffness and durability, and provides electrical 
insulation. 
 Rail pad: Component interlaying between the rail and the crosstie.  The rail pad distributes the 
rail load over a slightly larger surface, reducing load concentration and fatigue, serves as high 
impact attenuation reducing the dynamic loads, and, contributes to the longitudinal resistance of 
the fastening system (Kerr, 2003; do Carmo, 2014).  This is the component that absorbs 
downward vertical displacements.  Rail pads in premium elastic fastening systems have lower 
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elastic modulus than traditional steel plates (do Carmo, 2014).  A variety of materials are used for 
rail pads, including rubber, EVA, and HDPE.  It is common in modern fastening system designs 
to find an assembly of rail pad and abrasion frame, the latter providing protection for the rail pad 
and contributing to the load attenuation and distribution (do Carmo, 2014). 
 
Figure 2.6  Typical premium elastic fastening system deployed on track and system sketch 
 Figure 2.6 depicts a common fastening system, with the primary components shown. 
2.3 Field Instrumentation Overview 
In order to quantify the loading demand generated by the passage of a rail transit vehicle, the use 
of field data is the primary focus of this research effort.  The use of field instrumentation in engineering 
research is widely accepted as a critical tool capable of generating numerous positive and quantitative 
outcomes.  Researchers at UIUC have documented prior successes when instrumenting railroad 
infrastructure (Edwards et al., 2017a).  In order to achieve a successful field instrumentation program 
several steps are required to ensure the validity of data, including identifying the appropriate 
instrumentation capable of addressing the question under study, developing a comprehensive yet feasible 
instrumentation layout, and correctly processing the obtained information to convert it into meaningful 






(or hopefully eliminating) sources of uncertainty based on imprecise assumptions needed for laboratory 
testing and numerical simulation.  
This project used field data as the baseline for understanding the actual behavior of concrete 
crossties and fastening systems, with the goal of applying a mechanistic design approach to their design 
(Csenge et al., 2015).  While this investigation relies on field data as the primary source of information; 
laboratory experimentation, analytical methods and numerical simulations have been used to fully 
illustrate and address the questions and objectives of the project.  For the purpose of this thesis and to 
address the objectives of the project, concrete crosstie bending moments, rail displacement, and input load 
data have been quantified.  This has been measured on site as strains (bending moments and loads) and 
voltages, and is then transformed into meaningful data through the use of calibration constants.  
Simultaneously, the number of axles, the ambient and crosstie temperatures, and train speed are recorded 
for every train pass. 
2.3.1 Field Instrumentation Components 
Similar instrumentation was deployed at all four sites distributed among the three partner 
agencies presented in section 2.2.1.  Automation of data collection at all the partner agencies was 
developed as a part of this project, allowing researchers to generate much larger databases when 
compared to previous projects.  The automated sites would initiate data collection right after detecting the 
presence of a train.  The main components deployed at the different sites of the project were: 
 Concrete Surface Strain Gauges installed at the top chamfer of the chosen concrete crossties.  
Through calibration with laboratory experimentation at UIUC, the bending moment imposed by 
revenue service loads can be calculated using the measured strain (Edwards et al., 2017b).  Based 
on the application of Euler-Bernoulli beam theory for small deformations, the stress distribution 
within the critical cross sections of the crossties is known.  The corresponding calibration factor 
for each crosstie to convert field-obtained strains into bending moments was obtained in the 
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laboratory at UIUC following procedures described by Edwards et al. (2017b).  The strain gauges 
were installed at the critical design cross sections of the crosstie, which were the center and the 
rail seats, hereafter referred to as the center, rail seat A, and rail seat E, respectively.  The strain 
gauge configuration is shown in Figure 2.7.  The strain gauges used in this study are PFL-30-22-
3LT, manufactured by Tokyo Sokki Kenkyujo Co, Ltd., designed for concrete surface 
applications. 
 
Figure 2.7  Typical configuration of concrete strain gauges 
 Rail-Mounted Weldable Strain Gauges used to measure the forces in the rail induced from 
applied loads.  Weldable 350-ohm half-bridge shear strain gauges were applied to the rail web 
and flange, in a configuration similar to what is used in a single crib at a Wheel Impact Load 
Detector (WILD) site (Edwards et al., 2018b).  As the collected data is the strain in the rail under 
the given loading conditions, using the calibration factor obtained through the use of a loading 
frame, the actual force at the wheel-rail interface can be measured.  Vertical and lateral loads in 
both rails at all sites were recorded simultaneously.  Additional information regarding the rail 
loads collection can be found in Edwards et al. (2018b). 
 Thermocouples installed on the top chamfer and the base of the most exterior crosstie at each 
field site.  The thermocouple arrangement on the crosstie is represented on Figure 2.8.  The 
thermocouples were installed to measure the temperature variation in the crosstie, focusing the 
posterior study related to this information on the temperature gradient within the crosstie.  
Additionally, the ambient temperature was recorded to address and understand the effect of the 
surrounding environment.  Temperature was recorded with 5 to 15 minutes intervals. 
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Figure 2.8  Configuration of thermocouples on concrete crossties  
 Linear Potentiometers used to measure vertical and horizontal rail base displacements.  The 
maximum stroke length used is 1.181 inches (30 mm) with and repeatability of ±0.00008 inches 
(±0.002 mm).  The model that has been used is Novotechnik TS-0025, which is depicted in 
Figure 2.9. 
 
Figure 2.9  Novotechnik TS-0025 potentiometer 
 Portable Displacement Measurement Device (PDMD) are rapidly deployable brackets with six 
linear potentiometers mounted on it.  The different metrics measured with PDMDs were the 
horizontal and vertical displacement of the base of the rail, both on the field and gauge side of the 
rail.  Vertical displacement of the base was measured on both sides in order to calculate rotation 
of the rail.  All three metrics were collected twice, once at each side of the fastening system.  
PDMDs are affixed to the selected crosstie, placing the tip of the potentiometers on the rail base.  
These brackets are semi-permanent, being installed on site only for the duration of data 




Figure 2.10  Portable Displacement Measurement Device photo and sketch 
 Automated Compact Data Acquisition (cDAQ) System, of model National Instruments (NI) 
9135, were used to collect data automatically and upload it to a web accessible cloud location.  
This system was capable of being triggered manually or via laser sensor activation.  The DAQ 
stores information of each train pass, with each reading stored in a column (i.e. channel) that is 
specific to an instrument. 
 Laser Trigger manufactured by Micro-Epsilon.  This component detects objects at varying 
distances, linearly relating the distance between the laser and object to voltage output.  The laser 
trigger was used to activate data collection when a rail vehicle passed the site, facilitating remote 
data collection. 
2.3.2 Instrumentation Plans 
Instrumentation was deployed at four different sites, comprising two tangent and two curve 
locations.  Even though the instrumentation was deployed with similar objectives at all sites, subtle 
differences in instrumentation deployment were intentionally designed to address site-specific questions.  
 St. Louis MetroLink Curve Site: Curve site located in Belleville, IL that served as test installation 
or pilot site to prove out the instrumentation methods in the rail transit environment.  This 
location has a maximum allowable speed of 45 mph (72 km/h) is within the body of a 6° curve 
(955 ft (291 m) radius), and has an actual superelevation of 5.25 in (133 mm).  The balanced 
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speed of the curve is 35.4 mph (57 km/h).  Only one of the two tracks at the site was 
instrumented.  Under normal operation, inbound trains toward St. Louis were captured.  This site 
was designed and deployed to examine the feasibility of the instrumentation plan and its 
resiliency.  A cDAQ was not installed at this location, therefore remote automated data collection 
was not feasible.  This site was installed in November 2015 and five days of data were collected.  
As seen in Figure 2.11, two concrete crossties were instrumented, installing five concrete strain 
gauges on each.  Rail-mounted strain gauges were deployed to capture vertical and lateral 
revenue loads on both rails.  PDMDs were deployed at the site a total of four times (November 
2015, March 2016, and February 2017). 
 
Figure 2.11  MetroLink Curve site field instrumentation layout 
 St. Louis MetroLink Tangent Site: The second site instrumented for this project was a tangent site, 
also on the MetroLink (light rail) system.  This site is located in East St. Louis, IL, where track 
speed is 55 mph (88 km/h).  This was the first fully autonomous site installed for the project.  As 
was the case at the first location, one of the two tracks at the site is instrumented.  Under normal 
operation, like the curved site, inbound traffic was recorded.  At this location, approximately 150 
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trains per day were captured.  This site was installed in March 2016 and data were collected for 
14 consecutive months, with the exception of temporary interruptions due to technical problems.  
As shown in Figure 2.12, five consecutive crossties were instrumented with strain gauges, an 
additional crosstie was equipped with thermocouples, and both rails were instrumented half-
bridge strain gauges to measure vertical and lateral loads.  Furthermore, a laser system was 
installed to trigger the data collection, which was recorded through a cDAQ.  PDMDs were 
deployed at this location at two separate occasions (March 2016 and February 2017). 
 
Figure 2.12  MetroLink Tangent site field instrumentation layout 
 MTA New York City Transit Curve Site: A curved site was instrumented on the NYCTA system 
on the eastern leg of Hammels Wye in Far Rockaway, NY.  The A train of the New York City 
Subway (IND Rockaway Line) passes through the instrumented site.  Instrumentation was 
installed in track 1 (south/outbound) of the Far Rockaway branch.  The 3 37.5’ curve (1,580.6 ft 
radius) has an actual superelevation of 2 in (51 mm) and a 2.28% descending grade.  The 
maximum allowable speed is 30 mph (48 km/h) at this segment of the track, and the balance 
speed of the curve is 28 mph (45 km/h).  This site was equipped with the same instrumentation as 
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the tangent site at St. Louis MetroLink, as it can be seen in Figure 2.13.  The site was 
instrumented in April 2016, and this system recorded an around 80 trains per day (excluding 
temporary shutdowns of the instrumentation system), until it was disabled in February 2017. 
 
Figure 2.13  NYCTA curve site field instrumentation layout 
 Chicago Metra Tangent Site: This shared corridor location with HAL freight and commuter rail 
passenger trains presented an opportunity to analyze how different loading environments affect 
the same type of infrastructure.  Two of the three tracks at this location were instrumented (tracks 
2 and 3), with the objective of obtaining reliable information from both rail modes.  The 
instrumentation was installed on tangent track with grade of 0.31%.  Maximum allowable speed 
on track 2 is 70 mph (112 km/h) for passenger and 50 mph (80 km/h) for freight.  On track 3, the 
maximum allowable speed is reduced to 60 mph (96 km/h) for passenger and 40 mph (64 km/h) 
for freight.  Instrumentation was installed at this site in August 2017.  As shown in Figure 2.14, 
this site was furnished with a larger amount of instrumentation than the previous sites, with a total 
of 15 concrete crossties instrumented with strain gauges and thermocouples installed on two 
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additional crossties.  More commuter rail traffic was found on track 3, while track 2 was 
predominantly utilized for freight operations.  The different types of traffic on each track drove 
the decision of deploying more comprehensive field installation at this location.  Furthermore, 
two different crosstie designs were instrumented.  This was considered as an opportunity to study 
the behavior different crosstie designs under similar field and loading conditions.  The two 
deployed designs, of different manufacturers, are referred to in this thesis as “Design 3” and 
“Design 4”.  The Metra field instrumentation map is shown in Figure 2.14.  Crossties noted as 1 
through 6 and 3-1 through 3-5 are “Design 3” and crossties 1 through F are “Design 4”.   
 
Figure 2.14  Chicago Metra site field instrumentation layout 
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2.4 Data Processing Overview 
As previously stated, the research and subsequent results presented in this thesis are based on 
field results.  For this reason, defining a manner of transforming field measurements into meaningful 
information was of paramount importance.  Automated data collection provided access to large amounts 
of raw data that cannot be processed individually on a train-by-train basis.  Therefore, the generalization 
and automation of this process was necessary.  The purpose of the following Section is to introduce the 
reader to the key considerations associated with data processing. 
2.4.1 Derivation of Relevant Information from Field-Obtained Data 
Each of the instruments installed in the field measure a voltage that is altered due to the excitation 
of these elements.  Hence, a variation when an external perturbation affects the instrument is captured.  
Moreover, the relation between voltage and strain or displacement (depending on whether is a strain 
gauge or a potentiometer) is constant, allowing the researchers to capture the relative difference in the 
metric before, during, and after the instrument is excited. 
 This research aims to understand and characterize the effect of rail transit loading environment on 
railroad infrastructure.  Thus, the processing of the data should focus on the perturbation (i.e. the variation 
or relative difference) induced on the system as a result of the passage of a railcar’s axle.  For this reason, 
a baseline correction is conducted on a gauge-by-gauge basis, cancelling out the original state of strain (or 
voltage) of the instrument, allowing the researcher to focus on the variation due to the input revenue 
service loads in the system.  The calibration or conversion of these voltages into meaningful information 
is described in previous publications.  Edwards et al. (2018b) summarizes the calibration of rail strain 
gauges, Edwards et al. (2017b) explained how calibration factors for concrete crossties were obtained 
through laboratory testing, and Canga Ruiz et al. (2017) briefly discussed the relation between voltage 
and displacements for the potentiometers mounted on the PDMDs.  Additionally, filtering of the signal, as 
discussed in Section 2.4.2, is generally required. 
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 The following methodology has been previously derived by Wolf (2015), and the prior work was 
adapted for the specific objectives of this project.  The main objective is to identify the maximum strain 
(or displacement) that each wheel infers in the system.  To achieve this objective, using the commercial 
software MATLAB, the function findpeaks is employed to identify each of the local maximums (either 
positive, negative, or both) of the field-captured signal.  These local maximums correspond to the largest 
induced perturbation that the rolling stock induces on the system, which is when the wheel is located on 
top of the measuring instrumentation.  Using the aforementioned function not only the values, but the 
locations of the found peaks are stored, being of use for posterior speed calculation and other sanity 
checks in the data processing.  Figure 2.15 shows the processed signal of a concrete strain gauge mounted 
on a crosstie in MetroLink, showing the identified peaks and displaying the strain and the corresponding 
bending moment.  It can be observed that 12 local maximums (peaks) were identified for a 12-axle train 
pass. 
 
Figure 2.15  Example of processed concrete strain gauge signal (Edwards et al., 2018a) 
 To summarize, there is a one-to-one mapping of field results (i.e. strains, voltages) with each of 
the axles that have passed through the site.  Then, the processed data is multiplied by the corresponding 
calibration factor to transform it into the desired metrics as previously discussed.  It is remarkable how, 
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from large data files obtained as a result of each train pass, a minimal number of points representing 
relevant information can be used to address the objectives of the project.  
2.4.2 Frequency Response Analysis and Filtering 
An additional challenge of data processing is providing adequate assurance that the correct 
information is collected.  Through the use of the previously described equipment, an analogous input is 
sampled, transforming it in a digital signal.  This means that a continuous signal is discretized in order to 
be numerically stored, to be later reconstructed, enabling its analysis (Orfanidis, 1996).  Therefore, as a 
result of an incorrect processing, information can be lost throughout these steps as a continuous signal is 
being sliced in discrete point locations.   
 The sampling rate is the frequency of collection of data from the analog signal, or, in other words, 
the inverse of the time between two consecutive recorded points.  Previous experience of researchers at 
UIUC and expert recommendation suggested 2,000 Hz (one data-point every 0.0005 seconds) as an 
adequate sampling frequency for data collection in rail infrastructure under the range of operating speeds 
that would likely be encountered in this research (Wolf, 2015).  
 Any periodic function can be represented as a combination of simple sine waves of different 
amplitudes and frequencies (Fourier series).  Therefore, using Fourier’s transformation, the main 
frequencies can be identified, using this information for posterior filtering.  It is common to collect signals 
that include different sources of noise or distracting information, that are not relevant for the metric that is 
being studied.  Filtering is needed to improve the signal-to-noise ratio of the output signal (de Silva, 
2006), eliminating as much of non-relevant information as possible.  Vibration and noise induced by 
adjacent stiff track components, imperfections in the instrumentation deployment or the dynamic actions 
induced in the track by the passing rolling stock can infer additional high frequency signals that are not 
relevant for the study.  The intrinsic functioning of the instrumentation can input noise in the signal that 
also needs to be removed.  Through the study of the collected field data, it was found that the desired 
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information was found for low frequencies.  Following this and previous experiences, different low-pass 
filters were designed for the data processing.   
2.4.3 Automation of Data Processing 
Large databases were built up during the extended periods of automated data collection.  As was 
previously mentioned, an automated data processing had to be developed to match the automated data 
collection set up on site.  Iterating around different ideas and experiments, different MATLAB codes 
were developed to enable the continuous processing of thousands of train passes.  The author would like 
to acknowledge that the development of the aforementioned tool was a shared effort with former UIUC 
RailTEC Graduate Research Assistant Aaron Cook, who made key contributions to the final product.  
Additionally, as was mentioned earlier, this work stemmed from prior research conducted  by former 
UIUC RailTEC Graduate Research Assistant Henry Wolf, which is presented in his Master’s thesis 
(Wolf, 2015). 
 Thus, the objective of automated processing was to develop a MATLAB code that could 
automatically open, filter if needed, and find the adequate peaks (relevant data as described in Section 
2.4.1) for each of the data channels.  In addition to this, the code needed to be able to identify any false 
triggering (i.e. erroneous activation of data collection due to external excitation of the laser trigger) or 
poorly performing gauges, in order to not introduce incorrect data in the study.  Finally, the data should 
be stored in an efficient and consistent manner, allowing the researchers to have easy access to it for 
forthcoming analyses.  Due to the unpredictability of the collected data when performing this automated 
or “blind” processing, it was required to identify a stationary variable to the problem.  In the case of the 
light rail and heavy rail systems, this fixed variable was the type of vehicle, as the same type of train and 
car configuration was always run through these locations (Section 2.2.1).  Therefore, the number of axles 
and distances between them were known for the MetroLink and NYCTA sites.  This allowed UIUC 
researchers to: 
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 Require the code to find a fixed amount of peaks equal to the number of axles, given the one-to-
one mapping between local maximums and wheels (Section 2.4.1).  If the code failed to do so, it 
would automatically reject the gauge signal, outputting a failure (zero result) for this channel. 
 Back-calculate the train speed in order to perform a sanity check on the results of each of the 
gauges.  For this purpose, the peak locations obtained on one of the gauges was used as a 
reference.  In general, rail strain gauges used for vertical loading were found to have more 
pronounced peaks, using them as reference for a more accurate speed calculation. 
 Given the train operating speed and the wheel spacing, a sanity check was automatically 
performed on each gauge, comparing the location of the found peaks at all gauges.  This allowed 
to ensure that the found local peak corresponded to an axle pass.   
 Although less used, the laser signal was also employed to identify false triggering.  The relation 
between measured voltage and distance was known to be constant, therefore depending on the 
read voltage, the distance to the known object could be known.  Given that just one type of rolling 
stock was operated at MetroLink and NYCTA, the voltage signal should provide consistent 
readings for different train passes.  When the correct value was not found, a false triggering event 
could be identified. 
Hence, using the previously described methods to identify the presence of a train and activate 
data collection, the data filtering presented in Section 2.4.2, and the findpeaks function introduced in 
Section 2.4.1, a robust MATLAB code was developed.  Automated data processing was implemented in 
this project, enabling the collection and analysis of 14 months of light rail data and eight months of heavy 
rail data in a reasonable time frame. 
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CHAPTER 3: PROBABILISTIC FRAMEWORK FOR THE ASSESSMENT OF CONCRETE 
CROSSTIE FLEXURAL DESIGN 
 
3.1 Introduction 
One of the core objectives of the overarching FTA research program that encompasses the 
research presented in this thesis is the advancement of concrete crosstie design for rail transit applications.  
Presently, recommended design practices provided within the AREMA Manual for Railway Engineering 
(hereafter referred to as the “AREMA Manual”), fail to capture some of the intricacies among the 
differences in operations and loading environments of different rail transportation modes.  Similarities 
that do exist throughout different railroad systems have led to the use of very common, and oftentimes the 
same, design procedures for varied modes and rail transit systems within a given mode.  This issue, when 
it comes to rail transit applications, is more evident given the lack of study regarding the less demanding 
loading environment.  
 Traditionally, design of concrete crossties has relied on previous field experience and empirical 
test results (Csenge et al., 2015).  Current design practices propose load-based methodologies that fail to 
address the variability of other key factors in design, including the support conditions and the input loads.  
Through the use of field instrumentation and a probabilistic approach, a prominent prestressed monoblock 
concrete crosstie designed for light rail transit applications is evaluated in this Chapter.  Evaluating the 
field data and proposing a methodology for its use within the context of the crosstie design process, this 
Chapter aims to contribute to the implementation of a mechanistic design approach for railroad track 
superstructure elements, part of a broader effort underway by researchers at UIUC.  With special focus on 
concrete crossties, previous research has targeted the reduction of the uncertainty in the design by 
bounding the problem of mechanistic design (Csenge et al., 2015).   
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 This Chapter presents research regarding concrete crosstie behavior, utilizing field 
experimentation results to conduct an assessment of a current design, and ultimately proposes a 
probabilistic approach to evaluating future designs.  The concrete crosstie flexural behavior analysis 
shown in this Chapter concentrates on the MetroLink light rail tangent site, which was introduced in 
Chapter 2.   
3.2 Fundamental Concepts and Objective 
As introduced in Chapter 2, instrumentation was deployed on different designs of monoblock 
prestressed concrete crosstie at different rail transit locations.  Focusing on the information obtained from 
the tangent site on MetroLink, the flexural behavior under revenue service loading is analyzed.  Section 
2.2.3 presented relevant characteristics of concrete crossties, with some of the key metrics associated with 
each of the designs studied in Table 2.3. 
 How the crosstie is supported on the ballast is one of the biggest unknowns in the crosstie design 
process.  As shown by Bastos et al. (2017), the actual support conditions of the crosstie have a significant 
influence on the stress distribution due to flexural loading under revenue service.  Moreover, the ballast 
reaction’s effect on the flexural behavior of concrete crossties was analytically studied by Wolf (2015) 
and Gao et al. (2017b), using measured bending moments to predict the support conditions and quantify 
the ballast reaction (Gao et al., 2017a).  Two extreme idealized support condition cases, assuming 
symmetry of the ballast reaction, can be identified: 
 Center binding: The reaction is primarily found under the center area of the crosstie, having lack 
of support at the two ends.  This type of condition results in higher center negative bending 
moment demands, requiring higher flexural capacity in the center cross section.  
 Lack of center support: The crosstie is supported under the rail seat, resulting in a gap at the 
center.  This support configuration places higher flexural demands on the rail seats, unloading the 
center of the crosstie. 
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Therefore, to map these idealized support conditions to the actual field support distribution, lack 
of center support would be found after resurfacing of the track (tamping activity), where the ballast is 
accumulated under the rail seats.  In a similar manner, center binding represents a track condition in 
which the route has experienced significant tonnage, as the lack of support under the rail seats is found to 
be caused by the redistribution and/or crushing of the ballast due to the deformation and movement of the 
crosstie under standard loading.  However, the real field conditions are not as simple, and the support of 
each crosstie can be different than that of the adjacent crosstie, which can further change as a function of 
time, tonnage, or temperature among other conditions. 
3.2.1 Design Evaluation Using Field Data 
Using the field instrumentation setup described above, a large data set was generated for the five 
instrumented crossties at the MetroLink tangent field site over the period of 14 months.  After developing 
an automated data processing system using MATLAB, flexural data was processed for a total of 27,092 
light rail vehicle (LRV) passes (12 axles each) during the period of time between 18 March 2016 and 19 
May 2017.   
The results have been previously discussed and analyzed by Edwards et al. (2018a).  Through this 
extensive monitoring of the crosstie’s response, data representative of a variety of operational conditions 
were obtained.  While deterioration over time is not captured, due to the relative light loading 
environment and the monitoring period spanning just over a year, other effects that can increase the 
flexural demand as environmental and temperature conditions or high dynamic loading were able to be 
evaluated.  It is worth highlighting the minor variability in support conditions from crosstie to crosstie 
found at MetroLink as compared to other field sites (Edwards et al., 2018a).  Given that the crosstie 
support conditions are one of the key aspects that affects its flexural performance (Bastos et al., 2017), 
bounding the variability at this site allows for a more meaningful study and applicable conclusions.   
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The design investigated in this Chapter is defined as “Design 1” and was previously introduced in 
Section 2.2.3, showing on Table 2.3 some its key characteristics.  At the cross sectional level, the 
geometric properties of the aforementioned design are summarized in Table 3.1. 
Table 3.1  Geometric properties of the design cross sections in a light rail concrete crosstie 
 
Height Top Width Bottom Width Height of c.g.s. 
in (cm) in (cm) in (cm) in (cm) 
Center 6.25 (15.88) 7.75 (19.69) 10.38 (26.37) 3.38 (8.57) 
Rail Seats 8.00 (20.32) 7.38 (18.75) 10.38 (26.37) 3.38 (8.57) 
 
3.2.2 Review of current design practices and path forward in design 
Current design methodologies for prestressed monoblock concrete crossties is based on the 
practice of allowable stress design (ASD), focus on limiting stresses at the critical cross sections.  When it 
comes to prestressed concrete crossties, this approach focuses on preventing crack initiation on the 
aforementioned design sections when subjected to a design load and support conditions as defined by the 
recommended design practice.  The design input load is calculated as function of the static wheel load, the 
speed, and the crosstie spacing.  Assumptions on the rail seat load distribution and support conditions 
vary among the different design standards followed in the United States (AREMA), Europe (EN), 
International (UIC), and Australia (AS).  Figure 3.1 depicts the different support conditions and rail seat 
load distributions used in the typical design standards just mentioned, including the newly adopted design 
assumptions included in the 2017 version of the AREMA Manual (American Railway Engineering and 
Maintenance-of-Way Association, 2017).  These elements are combined to calculate design bending 
moments that the crosstie shall be able to withstand without reaching the cracking bending moment of the 
critical cross sections.  Using the assumptions mentioned above and graphically depicted in Figure 3.1, 
the two principal design bending moments, center negative (C-) and rail seat positive (RS+), can be 
obtained.  Center positive (C+) and rail seat negative (RS-) are calculated as function of the principal 
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design factors, that are less likely to happen under actual loading and support conditions.  When they do 
occur, they are highly unlikely to generate moments that exceed the cracking moment of the crosstie.  
Previous research has compared these methodologies using heavy axle load (HAL) freight train data, 
concluding that the current support conditions employed in the different standards do not match actual 
field conditions (Wolf, 2015).  
 
Figure 3.1  Support conditions and rail seat load distribution assumptions provided in different 
worldwide used standards for concrete crosstie design:  
AREMA (pre-2017) RS+ (a), AREMA (pre-2017) C- (b)  
(American Railway Engineering and Maintenance-of-Way Association, 2016),  
AREMA 2017 (c) (American Railway Engineering and Maintenance-of-Way Association, 2017),  
UIC/EN RS+ (d), UIC/EN C- (e)  
(International Union of Railways, 2004; European Committee for Standardization, 2009),  
AS RS+ (f), and AS C- (g) (Standards Australia, 2003) 
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These standards aim to provide design guidelines for all types of concrete crossties, spanning the 
loading spectrum from HAL freight and high speed rail applications to the less-demanding rail transit 
modes, the focus of this thesis.  Using field data collected on MetroLink, both dynamic rail loads and 
bending moments at the critical cross sections, different support assumptions are evaluated against field 
data.  The collection and analysis of dynamic loads on MetroLink was part of the parent project to this 
study funded by the FTA (Edwards et al., 2018b).  Figure 3.2 shows a comparison between the flexural 
field data and the predicted moments using the aforementioned design standards in conjunction with the 
collected load field data. 
 
(a)  Center negative bending moment 
Figure 3.2  MetroLink light rail transit field data comparing bending moments to moments 
predicted by widely accepted flexural design criteria 
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(b)  Rail seat positive bending moment 
Figure 3.2 continued 
Observing the results shown in Figures 3.2 (a) for C- and (b) for RS+, the challenge in predicting 
support conditions and developing a uniform set of guidelines for the flexural design of crossties is 
further visualized.  When comparing the field bending moment data to the predicted moments stemming 
from the use of commonly-accepted design practices, is it found that the applicability and accuracy of 
support condition assumptions varies for the different design standards.  Additionally, it is inferred from 
this data and other studies that the crossties have good support under the rail seats, representative of a 
freshly tamped support condition.  Given the case of a track at the end of its maintenance cycle, where the 
support conditions are primarily center-bound, these graphs would shift, indicating overdesign in the rail 
seats and a lack of capacity in the center.   
Thus, it can be concluded that current standards do not accurately capture the different variables 
affecting the flexural behavior of concrete crossties, and ultimately rely on large safety factors to account 
for the uncertainty.  In the case of less demanding loading environments such as those associated with 
light rail transit, the lack of precision on the design leads to inefficient crossties, resulting into larger 
infrastructure costs for the owner. 















AREMA C30 (pre 2017)
UIC 713R
AS 1085.14
0 2 4 6 8 10 12 14 16
Bending Moment (kN-m)
35 
3.3 Application of Structural Reliability Analysis to Concrete Crosstie Design 
Traditional design methodologies propose a deterministic approach where the uncertainty 
associated with the capacity and the demand is mitigated with safety factors.  Most, if not all, of the 
design standards used in structural engineering propose similar approaches, which would not be incorrect 
if the geometric properties, material properties, and actions were known (Ditlevsen and Madsen, 1996).  
However, this is never the case, as all the factors influencing a design problem are variable.  To account 
for this variability that can lead to the failure of the design, defining failure as the demand (function of the 
actions) being larger than the capacity (function of the geometric and material properties of the designed 
element), the concept of safety factor is introduced.  These safety factors, which are coefficients that 
multiply some of the previously mentioned components in order to account for less likely situations, are 
associated with the expected life cycle of the structure, acting as a “black box” which the end user applies 
given the type of structure and action for which is being designed.   
 When employing a deterministic design approach, as has been widely used in the past, it can yield 
inaccurate results.  Another way to account for the variability in the demand and the capacity is through a 
probabilistic approach as is used in structural reliability analysis (SRA).  SRA is a broadly studied topic 
for which extensive literature can be found (Cornell, 1969; Ditlevsen and Madsen, 1996; Madsen et al., 
2006; Choi et al., 2007; Vrouwenvelder, 2013).  Uncertainty in the actions, geometric properties, and 
material properties of the element is considered using probability distributions.  However, deterministic 
parameters are also used when the uncertainty represented by the described metric is minimum or 
irrelevant to the calculation.  This mathematical approach revolves around the concept of probability of 
failure, which can be defined as the likelihood of the demand being larger than the capacity, hence 
resulting in failure.   
 The probability of failure is expressed in SRA through the concept of reliability index β 
(Ditlevsen and Madsen, 1996), that can be written as in Equation 3-1. 
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 = ( ) (3-1) 
Where: 
 Φ represents the standard normal cumulative distribution function. 
  represents the probability of failure. 
When focusing on concrete crosstie design, to compensate for the use of imprecise support 
conditions, dynamic load effects, and rail seat load distribution, a conservative design load, in addition to 
other safety factors including tonnage and speed, are employed.  However, this is not an efficient 
approach, as overdesigned elements can have a negative economic impact.  Deploying sub-optimal 
designs can lead to larger material costs, requiring higher initial investments and replacement costs.  
Moreover, additional track stiffness can require additional performance from a premium elastic fastening 
system, resulting in additional expenditures. 
 Given these reasons, a probabilistic approach for the design and assessment of concrete crossties 
is proposed.  AREMA (American Railway Engineering and Maintenance-of-Way Association, 2017) 
defines a failed concrete crossties as one in which a crack has initiated from the tensile surface to the first 
level of prestress.  Even though the need for introduction of limit state design concepts in the design of 
concrete crossties has been discussed in previous literature (Murray, 2015), this Chapter aims to present a 
reliability-based framework based on the current design practices proposed by the AREMA Manual.  
Previous research has studied the application of these concepts into the design of concrete crossties, 
focusing in freight and as an assessment of the Australian Standard (Remennikov et al., 2012; Murray and 
Bian, 2012).  This Chapter aims to expand the applicability of SRA to the design and assessment of 
concrete crossties, focusing on the validation of current industry designs through the use of field data. 
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In the following sections, a model is developed and presented for the assessment of a light rail 
transit concrete crosstie design using field data.  The capacity and the demand model are described and 
discussed, as well as the limit state functions used to define this study. 
3.3.1 Development of demand model based on field experimentation 
Demand models are typically more challenging to generate than capacity models, as the 
uncertainty in loads is inherently higher than that which is associated with materials or geometric 
properties.  In this study, the demand model is based on field data and is used to assess an existing design 
used in rail transit infrastructure.  Center and rail seat bending moment data discussed above were used.  
Both rail seats presented similar support conditions at all locations tested, thus symmetry was assumed.  
Two random variables were developed from this data, center bending moment and rail seat bending 
moment.  Hence, a distribution fitting exercise was carried to obtain the probability distributions that best 
describe the collected data.  The MATLAB Distribution Fitter toolbox was employed to perform this 
analysis both for the center and the rail seat bending moment data.  Additionally, the data was truncated 
using only the positive rail seat bending moment and the negative center bending moments.  This, while 
introducing a small amount inaccuracy in the model, the decision was deemed to be a conservative 
measure and not significant enough to disturb the final output of the model.  The discarded data represent 
13% of the center bending moment and 6% of the rail seat bending moment data.   
 For the analysis, common probability distributions were chosen to obtain simple models that can 
be extrapolated for future investigations.  The data were fitted and compared against Normal, Lognormal, 
Gamma, Generalized Extreme Value (GEV), and Weibull distributions.  Due to the large size of both 
center and rail seat moment data sets (1,411,052 and 3,060,144 data points, respectively), none of the 
conventional distributions passed the Chi-squared goodness-of-fit test.  Thus, using graphic tools and 
comparing the different fits among themselves applying the Kullback-Leibler divergence test, the best fits 
were obtained for each variable.  Regardless, it is remarkable how the collected data behaved similar to 
38 
most of the tested distributions.  Figure 3.3 shows the histogram of the center and rail seat bending 
moments, as well as the probability density function (PDF) of the different chosen distributions.  To 
ensure a good fit of the proposed distributions to the existing data, the right tails, which correspond to the 
higher values (negative bending moment in center, positive in rail seat) and more critical for the design of 
crossties, are shown.  These distributions are also graphically compared using the cumulative distribution 
function (CDF) (Figure 3.3).   
 
(a)  Center field bending moment histogram and probability density functions of the proposed 
probabilities for the fitting 















(b)  Right tail corresponding to highest values of the center bending moment and proposed 
probabilities for the fitting 














(c)  Cumulative density function of the center bending moment data and the proposed distributions 



















(d)  Rail seat field bending moment histogram and probability density functions of the proposed 
probabilities for the fitting 















(e)  Right tail corresponding to highest values of the rail seat bending moment and proposed 
probabilities for the fitting 















(f)  Cumulative density function of the rail seat bending moment data and the proposed 
distributions 
Figure 3.3 continued 
 
Table 3.2  Kullback-Leibler divergence test results 
Distribution Center BM Rail Seat BM 
Normal 0.0239 0.0232 
Lognormal 0.1378 0.0136 
Gamma 0.0735 0.0013 
GEV 0.0277 0.0023 


















Table 3.2 shows the numerical results of the Kullback-Leibler divergence test, where a lower 
value represents a closer fit to the field data.  Hence, for the purpose of this analysis, a Weibull 
distribution was chosen to represent the center bending moment data and a Gamma distribution was used 
for the rail seat bending moment data.  Nevertheless, as stated before, the field data fits quite closely most 
of the proposed distributions, hence other distribution options could be selected without adversely 
affecting the results. 
3.3.2 Capacity model and random variables 
The capacity model is defined as a function of geometric and material properties.  Given that the 
design assessment is based on calculations at the critical cross sections, the dimensions (height, bottom 
base width, and top width) as well as the reinforcement arrangement are parameters in the model.  The 
eccentricity of the reinforcement is derived from these.  Concrete crossties are precast elements, and their 
manufacture requires an intensive quality control during the manufacturing process, resulting in a largely 
homogenous product.  For this reason, unlike cast in place concrete structures, the geometric properties of 
concrete crossties present lower tolerances and the resulting product achieves higher accuracy.  This has 
led the author to consider the aforementioned geometric characteristics as constant.  Therefore, the values 
presented in Table 3.1 are considered the deterministic parameters of the limit state functions. 
The material properties of the concrete and prestressing steel are also required to develop the 
capacity model.  Concrete’s actual capacity has long been a topic of discussion and research.  Its 
heterogeneous nature dictates that primary design material property is the specified compressive strength 
(fc’) of the concrete, has a very demanding acceptance criteria as specified by ACI 318 (ACI Committee 
318, 2014).  With reinforcing steel, although the manufacturing process is more controlled, a similar issue 
surfaces.  The concrete crosstie addressed in this manuscript is prestressed, hence the steel material 
properties are defined through the jacking force.  This is defined by ACI 318 as 75% of the ultimate 
capacity of the steel wire (ACI Committee 318, 2014).  The prestressing losses, which vary as a function 
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of time, the manufacturing process, material properties of both concrete and steel, prestress level, element 
dimensions, or loading, among others (Garber et al., 2013) are estimated and input into the model.  The 
employed design approach limits cracking of the cross section, bounding the problem to the linear elastic 
range.  The jacking force (as all the wires have the same area) and losses are assumed to be the same for 
all prestressing wires.  Consequently, the concrete compressive strength and jacking force are defined as 
random variables of the capacity model.  Thus, these variables shall be defined using probabilistic 
distributions that can closely capture their variability.  Literature reveals extensive research on material 
properties, using similar studies to define the capacity model (Pillai et al., 2014; Remennikov et al., 
2012).  Table 3.3 summarizes the different random variables used to define the capacity and demand 
models used in this study. 









fc’ Lognormal ksi 7.00 1.05 
Jacking force Pe Normal kips 7.00 0.42 
Prestressing losses loss Lognormal % 15.00 3.00 
Center field  
bending moment 
Mc Weibull kip-in 10.17 3.57 
Rail seat field 
bending moment 
Mrs Gamma kip-in 18.92 5.76 
 
3.3.3 Limit state functions 
A limit state function represents, for a failure mode, the boundary between failure and 
functionality of a component, being the location in which the capacity and demand model cancel each 
other.  Mathematically, it is represented by Equation 3-2.  
 
( ) = ( ) − ( ) (3-2) 
Where: 
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 x denotes the vector of random variables; 
 C(x) denotes the capacity model; 
 D(x) denotes the demand model. 
Thus, when the limit state function has a negative result, failure is achieved, as the demand is 
higher than the capacity.  This analysis aims to evaluate the current design methodologies from the SRA 
point of view, meaning that the derived limit state functions depict the analysis of the crosstie capacity at 
the sectional level.  Two equations for each of the design cross sections were derived, stress level at top 
and bottom fibers of the crosstie.  As a linear elastic analysis is carried due to the fact that most crossties 
are designed to not crack, the highest stresses are found at these locations.  Following AREMA 
(American Railway Engineering and Maintenance-of-Way Association, 2017), the compressive stress on 
concrete shall be limited to 60% of its compressive strength (fc’) as given by the manufacturer.  On the 
other hand, the tensile stress is limited to the modulus of rupture, which is defined by ACI as 7.5 times of 
the square root of the concrete compressive strength (fc’) (ACI Committee 318, 2014).  Equations 3-3 and 
3-4 represent the top and bottom fiber stresses at the center cross section, respectively.  
 
( ) = 7.5 +  (1 −  ) +
 




( ) = 0.6 −  (1 −  ) +
 




As the demand model depicts negative center bending moments, the stresses at the top fiber are 
limited to the tensile capacity of the concrete as defined by ACI 318 (ACI Committee 318, 2014).  
Stresses at the bottom are limited to the maximum allowable compressive strength in prestressed 
structures, as defined by ACI 318 (ACI Committee 318, 2014).   
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Similarly, Equations 3-5 and 3-6 represent the stresses at top and bottom respectively, at the rail 
seat cross sections.  Positive bending moments are found at the rail seats, hence the limit-state Equations 
3-5 and 3-6 represent compressive stresses at top fiber and tensile stresses at bottom fiber, respectively.  
Symmetry is considered in this analysis; thus the capacity of both rail seats is analyzed jointly. 
 
( ) = 0.6 −
 










( ) = 7.5 +
 










3.4 Reliability Analysis Results and Discussion 
To conduct the reliability analysis of the defined model, First-Order Reliability Method (FORM), 
Second-Order Reliability Method (SORM), and Monte Carlo Simulation (MCS) were used.  Structural 
reliability software developed as a MATLAB toolbox at the University of California Berkeley 
(Der Kiureghian et al., 2006) was used to conduct the analysis.  Table 3.4 presents the obtained results for 
the four limit-state functions when analyzed using the three different methods. 
Table 3.4  Reliability index and probability of failure results for the studied limit state functions 
Limit State Function 
FORM SORM MCS 
β Pf β Pf β Pf 
Center Top (g1) 10.5035 - - 1.57E-26 - 4.03E-26 
Center Bottom (g2) 9.5058 - - 3.90E-22 - 4.24E-19 
Rail Seat Top (g3) 7.9068 - 7.8910 - 7.8910 - 
Rail Seat Bottom (g4) 7.7798 - 7.7695 - 7.7642 - 
 
Several conclusions can be drawn from the results shown in Table 3.4.  First, given the existing 
design and current flexural demand on the crossties, the rail seat section is closer to failure than the 
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center, both at top and bottom fibers.  Even though the capacity at the rail seat is higher, the larger 
demands at these sections demonstrate freshly tamped conditions, as discussed earlier.  It is also 
remarkable how the probability of failure at top and bottom fibers on each of the critical cross sections is 
similar.  This reveals a balanced design, where the two design failure modes (cracking by excessive 
tensile stress and crushing by excessive compressive stress) are found at similar load levels.  Failure by 
excessive compressive stress is very brittle failure, hence this should be seen as a more critical case.  This 
is considered by limiting the maximum compressive stress to the 60% of the compressive strength of the 
concrete in prestressed structures, as defined by ACI 318 (ACI Committee 318, 2014) and referenced by 
AREMA (American Railway Engineering and Maintenance-of-Way Association, 2017).  Table 3.4 also 
shows that results generated by the different methods (FORM, SORM, MCS) are similar.  As concrete 
crossties are designed not to crack, a linear elastic analysis is sufficient for capturing the mechanics of the 
problem.  For this reason, FORM provides sufficiently accurate results, not requiring more involved and 
computationally-heavier methods as SORM or MCS.   
Additionally, the results reveal a large overdesign for the realized flexural demand.  The 
probability of failure obtained at the four different limit state functions is large, especially at the center, 
where the probability of failure and the reliability of index obtained through the different methods cannot 
be translated to the other variable (Equation 3-1) as it exceeds the limits of the standard normal 
distribution.  However, these results shall be compared with current research and industry practice.  
Limiting cracking is a type of Service Limit State (SLS), which are defined as a common check used in 
structural engineering.  As previously discussed here, crossties are typically designed using an ASD 
approach, where stresses are bounded to prevent crack initiation.  The formulated model is considered to 
represent flexural failure in concrete crossties, even though it does not match a traditional failure of a 
flexural Ultimate Limit State (ULS) in structural engineering.  Ongoing research aims to address this 
topic, however, for the purpose of this study, the current design basis for concrete crossties is considered.  
Previous research has developed the equivalent reliability indices to the safety factors used in current 
49 
structural engineering design codes (Szerszen and Nowak, 2003; Nowak and Iatsko, 2017).  As AREMA 
(American Railway Engineering and Maintenance-of-Way Association, 2017) refers to ACI 318 (ACI 
Committee 318, 2014), this design code is taken as reference for comparison with the obtained results.   
According to previous research in the field (Szerszen and Nowak, 2003), the safety factors 
proposed for the ULS flexural design of prestressed beams by ACI 318 (ACI Committee 318, 2014) have 
an equivalent β ranging from 4.2 to 4.4, calculated through iteration of different material, geometry and 
load values with a target reliability index of 3.5.  This equivalent β defines what is an acceptable design 
following the concrete structures design code in the US.  Hence, when compared with the obtained β for 
each of the four limit state functions developed for this model, the analyzed design proves largely 
conservative.  This can be a consequence of the large uncertainty both in the input loads and the support 
conditions, which pushes the designer to overly conservative approaches to obtain a durable product. 
3.5 Conclusions 
A set of five prestressed monoblock concrete crossties were instrumented in a light rail transit 
system.  Flexural data were obtained at the two critical sections over a period of 14 months.  The five 
crossties presented similar results at center and rail seats, showing a consistent support across the entire 
field installation.  The atypical nature of the results stemming from relatively uniform support conditions 
on MetroLink presented a unique opportunity to develop a new approach for design.  Field results were 
compared with the most relevant design standards, indicating that some of the assumptions within those 
standards are inaccurate.  Consequently, uncertainty is introduced in the design process, requiring the 
industry to take a very conservative design approach. 
 Using the light rail transit data collected, the center and rail seat bending moment demands were 
fit using standard distributions, in order to perform a probabilistic analysis of an existing light rail 
concrete crosstie design.  Despite the large size of the data sets, which captured environmental and 
loading variability, the data closely fit the proposed probabilistic distributions. 
50 
A probabilistic approach through the use of SRA concepts was introduced, analyzing the flexural 
capacity of the light rail concrete crosstie design deployed at MetroLink.  Stresses at the top and bottom 
fibers of the critical cross sections were defined as the limit state functions.  Three methods were 
employed to analyze the probability of failure of the different limit-state functions: FORM, SORM and 
MCS.  The results revealed an overly conservative design that is unlikely to fail under the current loading 
conditions. Despite this, based on the documented level of demand and existing field support conditions, 
the rail seat cross section demonstrated higher probability of failure.  Furthermore, FORM presented 
similar results to the other, more computationally demanding, methods.   
In conclusion, the noticeable discrepancy between the design capacity and demand that 
MetroLink crossties experience presents a sub-optimal design solution.  This lack of accuracy of the 
design due to the misunderstanding of the actual demands often results in over-dimensioned track 
components, leading to excessive and unnecessary infrastructure investment.  The introduction of 
probabilistic concepts in the design of concrete crossties aims to reduce the amount of uncertainty in the 




CHAPTER 4: QUANTIFICATION OF THE EFFECT OF TEMPERATURE GRADIENT ON 
CONCRETE CROSSTIE FLEXURAL BEHAVIOR 
 
4.1 Introduction 
Chapter 4 focuses on the analysis of temperature-induced effects on prestressed concrete crosstie 
bending and proposes a means of quantifying their impact.  Following previous research on the impact of 
temperature-induced effects on concrete structures and, more specifically, concrete crossties, a deeper 
analysis is conducted to take advantage of the extensive data collected at rail transit field sites.  The 
specific scope of this chapter is to investigate the 1) temperature distribution in concrete crossties exposed 
to different environmental conditions, 2) temperature effect on concrete crosstie flexural performance 
under revenue service loading conditions, and 3) temperature gradient-induced stresses on concrete 
crossties. 
Temperature imposed strains and stresses have been shown to have major relevance in concrete 
structures.  Studies on prestressed concrete girders (Barr et al., 2005), concrete frames (Vecchio and Sato, 
1990; El-Tayeb et al., 2017), concrete slabs (Thompson et al., 1987; Armaghani et al., 1987; Richardson 
and Armaghani, 1987; Mohamed and Hansen, 1996; Yu et al., 1998; Rao and Roesler, 2005), and even 
concrete crossties (Wolf et al., 2016) have been conducted in the past, documenting and addressing 
component-specific problems that can arise.  Issues such as excessive induced stresses due to 
indeterminacy of the structure (Vecchio and Sato, 1990; Mohamed and Hansen, 1996; Barr et al., 2005), 
excessive deformation or deflection (Armaghani et al., 1987; Barr et al., 2005; Nam et al., 2014), or the 
effect due to the variation of support conditions (Yu et al., 1998) are found to be common among concrete 
applications.  Unfortunately, to date, the design of concrete crossties has largely relied on practical 
experience and empirical results (Csenge et al., 2015).  The current design standards or recommendations 
are load-based approaches, such as the Chapter 30 (Ties) of the AREMA Manual (American Railway 
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Engineering and Maintenance-of-Way Association, 2017), EuroNorm (EN) 13230 (European Committee 
for Standardization, 2009), UIC 713R: Design of Monoblock Sleepers (International Union of Railways, 
2004), and Australian Standard (AS) 1085.14 (Standards Australia, 2003).  The support conditions are 
oversimplified in the aforementioned standards or recommendations.  Moreover, the influence of 
temperature on concrete crosstie flexural performance has not been incorporated into the aforementioned 
design processes, leaving room for uncertainty on the design, which could lead to unexpected and 
premature failure.  Different from the approaches employed for the design of concrete crossties, design 
standards for other concrete components or structures used in North America account for the effects of 
support conditions and temperature variation.  For example, the American Association of State Highway 
and Transportation Officials (AASHTO) includes a chapter in the highway bridge design specifications 
that addressing the loads induced by the temperature effects (American Association of State Highway and 
Transportation Officials, 2016).  Additionally, previous research in temperature effects on concrete 
crossties did prove that temperature gradient affects bending stress distribution (Wolf et al., 2016), but a 
solution to compensate the temperature effect has yet to be proposed.    
4.2 Theoretical Background and Previous Research on the Topic 
Numerous studies have focused on the theoretical analysis of temperature-related effects in 
materials.  It is known that, given a temperature variation, ∆ , an imposed deformation tries to develop, 
hence the material reaching a new stage of equilibrium.  This relation between strain and temperature is 
defined by the coefficient of thermal expansion (CTE), which is a material property, as shown in Equation 
4-1:  
 =  ∆  (4-1) 
Where: 
  is the thermally induced strain. 
  is the coefficient of thermal expansion (1/°F). 
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 ∆  is the temperature variation between the original stage and the final stage (°F). 
It is also known that stresses due to temperature effects manifest in a component due to the 
restraint of deformation.  In other words, lacking deformation and given a known temperature gradient, 
the stresses induced in a component are proportional to the temperature effects.  When considering only 
elastic behavior of the material, this relation is shown in Equation 4-2. 
 = ( − ) (4-2) 
Where: 
  is the thermally induced stress (ksi). 
  is the elastic modulus of the material (ksi). 
  is the thermally induced strain. 
  is the effective or real strain of the material. 
Therefore, when the element is free to deform (unrestrained), no stresses will be induced.  On the 
other hand, when it is fully restrained, stresses will be equal to the theoretical strain multiplied by the 
elastic modulus. 
For this study, linear elastic behavior is assumed for both concrete and reinforcing steel for the 
purpose of simplification.  The coefficient of linear thermal expansion of concrete is dependent on the 
mix composition aggregate property, moisture content of the concrete, and its age (Wight, 2016).  The 
collective variability of these factors is considered low, and reinforcing steel presents a similar coefficient 
of thermal expansion as concrete (Gu et al., 2015).  As this mechanical property is quite similar in 
concrete and steel, very small stresses are induced due to differential deformation when the component is 
subjected to the same temperature variation. 
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When discussing this topic in terms of cross sectional effects, any temperature-inferred 
deformation can be broken down into two different effects: thermal expansion and thermal bowing 
(Usmani et al., 2001). 
Thermal expansion is due to a constant temperature variation along the entire cross section.  This 
causes a homogeneous elongation or shortening of the member when free to deform.  If fully restrained, 
an equivalent axial load perpendicular to the cross section is imposed.  This can be calculated by 
Equation 4-3: 
 
= =  
(4-3) 
Where: 
 N is the axial load (kips). 
 A is the cross sectional area (in2). 
Thermal bowing is caused by differential temperature (i.e. temperature gradient) within a 
component.  Given a differential temperature along the cross section of the element, the imposed 
deformation varies as a function of depth.  This effect leads to larger extension either on the top or bottom 
of the element, causing it to bow to accommodate deformations.  Hence, when the temperature variation 
of the top of the element is larger, a larger deformation will occur at the top, leading to a concave bowing 
(i.e. hogging) when unrestrained.   
Hence, if the section is divided into fibers of infinitesimally small height, each one will deform 
proportional to the temperature variation at that depth.  Similarly to the previous calculation, when a 
temperature gradient is imposed to a fully restrained element, there is a resulting equivalent bending 
moment, which can be represented by Equation 4-4. 
 
= =  (4-4) 
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Where: 
 z is the cross section fiber height (in). 
4.3 Analysis and Interpretation of Field Results 
4.3.1 Temperature Variation in Concrete Crossties Placed in Track    
The first question addressed is how external conditions impact the temperature distribution within 
the crosstie.  Given the nature of the data set, where continuous monitoring was undertaken, different 
trends and relationships were identified.  Table 4.1 shows the start and end date of temperature data 
collection at each site, as well as the total number of days in which data were collected, less temporary 
interruptions that occurred during data collection. 
Table 4.1  Summary of data collection at the different studied rail transit locations 
Site First Day Last Day Total Number of Days 
MetroLink 03/07/2016 10/19/2016 175 
NYCTA 04/26/2016 02/27/2017 224 
Metra 08/04/2016 04/03/2017 96 
 
Figure 4.1 depicts the ambient, crosstie top, and crosstie bottom temperature data collected for the 
three sites as a function of time.  Figure 4.1 (a) shows an overview of the collected temperature data for 
MetroLink and demonstrates how ambient temperature, as well as the top and bottom temperature, varies 
over time.  The highest temperatures are found at the top of the crosstie, which is exposed to solar 
radiation, surpassing both the temperature at the bottom and the ambient temperature.  This is a constant 
trend that can be observed both for hot (e.g. June and July) and cold periods (e.g. January).  Despite not 
having the same magnitude, it can be observed that the ambient temperature is a strong source of 
temperature variation at the top and bottom of the crossties.  This indicates the insulation provided to the 
crossties by the ballast is low.  Figure 4.1 (b) presents the temperature variation over time recorded at the 
heavy rail transit field site (NYCTA).  Spanning over ten months, the temperature database presents 
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similar results to what was found at MetroLink.  It is shown how the ambient temperature drives the 
temperature variation in the crosstie, both top and bottom.  Additionally, the largest temperatures are 
found at the top of the crosstie, undergoing wider temperature variability.  The temperature variation over 
time at the commuter rail transit site is presented in Figure 4.1 (c).  Despite the shorter monitoring period 
with respect to the previous cases, this site adds the possibility of comparison of two different types of 
crossties subjected to the same environmental conditions.  It can be observed how the temperature 
distribution at the top and bottom of the crossties demonstrates similar patterns for the two different types 
of crossties.  It is very interesting to observe, in this case, the temperature at the top of the crossties does 
not differ as much from the bottom, typically falling below the ambient temperature.  In summary, Figure 
4.1 shows the temperature at the top chamfer and base among the four different crossties changes 
following similar relationships with respect to the ambient temperature, regardless of the time of the year.  
 
(a)  Temperature distribution in crossties at MetroLink 




(b)  Temperature distribution in concrete crossties at NYCTA 
 
(c)  Temperature distribution in crossties at Metra 
Figure 4.1 continued 
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The three sites are similar in that they are of ballasted track construction, the same field 
instrumentation setup was deployed, and the instrumentation was monitored over long periods that 
included both summer and winter months.  However, when comparing results from the three sites, the 
most remarkable difference is the correlation between top and ambient temperature.  While for MetroLink 
and NYCTA, the typical case shows the crosstie top temperature being greater than ambient, and this is 
not the case for Metra.  The difference may be related to the presence of ballast in the gauge laying on top 
of the crossties.   
When the crosstie is directly exposed to the solar radiation it reaches significantly higher 
temperatures, up to 144.1 °F (62.3 °C).  On the other hand, when ballast is laid on top of the crosstie, the 
aggregates absorb a considerable portion of the radiation, having a lower temperature in the middle 
portion of the crosstie with respect to the ambient temperature.  The direct radiation of the crosstie does 
not only causes the top crosstie temperature to increase, but it also propagates to the bottom.  In 
consequence, higher temperatures along the middle section of the crosstie are also observed. 
Other than the temperature variation throughout the entire data collection period, it is also 
necessary to understand daily temperature fluctuations.  A week of data from the MetroLink field site 
corresponding to the warmest and coolest week are presented in Figure 4.2.  These data facilitate a 
comparison of the crosstie top and bottom temperature variation with respect to the ambient temperature 




(a)  Temperature fluctuation during the warmest week in MetroLink 
 
(b)  Temperature fluctuation during the coolest week in MetroLink 
Figure 4.2  Ambient, crosstie top, and bottom temperature variation in MetroLink during the 
warmest and coolest weeks of the recorded dataset 
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Figure 4.2 indicates that, for higher ambient temperatures, the temperature gradient within the 
crosstie (i.e. the temperature difference between top and bottom) is larger.  Note that the bottom 
temperature tends to be higher than the ambient temperature during warmer periods too.  Daily 
temperature fluctuations are observed, a clear pattern can be identified repeating every 24 hours for the 
temperature measured at the three different locations. 
 
(a)  Daily variation during warmest day in MetroLink 
Figure 4.3  Ambient, crosstie top, and bottom temperature variation in MetroLink during the 




(b)  Daily variation during coolest day in MetroLink 
Figure 4.3 continued 
When focusing on one day instead of one week, as can be observed in Figure 4.3 (b), the crosstie 
top temperature readings start to increase at a higher rate than the bottom temperature during the middle 
of the day.  Hence, the maximum temperature gradient is found in the noon to early afternoon timeframe, 
due to a larger increase of the temperature at the top of the crosstie.  Given that this period coincides with 
the period of greater solar radiation, a qualitative relation can be inferred.  Additionally, a consistent trend 
is discovered that, during the daytime, the crossties undergo positive temperature gradients.  It is expected 
that this is specifically related with solar radiation heating of the top of the crosstie.  Moreover, the night 
periods present the smallest positive gradients and the majority of the negative gradients are found during 
the nighttime.  Table 4.2 summarizes the maximum, minimum, and average of the recorded ambient 
temperature, crosstie top and bottom temperature, and the corresponding temperature gradient for the four 
different crossties in this study. 
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Table 4.2  Summary of temperatures on concrete crossties for the four different field sites 
Site 
Ambient Top Bottom Gradient 
°F °C °F °C °F °C °F °C 
MetroLink 
(Design 1) 
Maximum 105.1 40.6 144.1 62.3 121.0 49.4 32.2 17.9 
Minimum 31.0 -0.6 31.7 -0.2 35.3 1.8 -12.1 -6.7 




Maximum 98.3 36.8 132.7 55.9 108.1 42.3 38.1 21.2 
Minimum 18.2 -7.7 20.4 -6.4 24.3 -4.3 -9.7 -5.4 
Average 60.6 15.9 67.0 19.4 64.7 18.2 2.3 1.3 
Metra 
(Design 3) 
Maximum 106.2 41.2 115.2 46.2 103.6 39.8 18.4 10.2 
Minimum -8.5 -22.5 5.6 -14.7 13.1 -10.5 -14.9 -8.3 
Average 41.8 5.4 39.7 4.3 40.6 4.8 -2.1 -1.2 
Metra 
(Design 4) 
Maximum 106.2 41.2 121.1 49.5 101.1 38.4 24.1 13.4 
Minimum -8.5 -22.5 6.2 -14.3 17.6 -8.0 -13.8 -7.7 
Average 41.8 5.4 39.1 3.9 39.4 4.1 -1.4 -0.8 
 
As can be seen in Table 4.2, the ambient temperature shows similar values for the three sites, with 
the exception of significantly colder temperatures found at the Metra site in late December 2016.  On the 
other hand, the maximum values of the temperature are larger at top and bottom of the crosstie for 
MetroLink and NYCTA.  This difference has been explained earlier, and likely results from the 
placement of ballast on top of the crossties within the track gauge.  In a similar way, maximum positive 
gradients (i.e. top temperature minus bottom temperature) are found to be higher for MetroLink and 
NYCTA.   
In Figure 4.4, the top and bottom temperature is plotted versus the ambient temperature for the 
four crosstie designs using a scatter plot.  Figure 4.4 shows the top temperature regression slope is higher, 
as it varies at a higher rate than the one at the bottom.  In order words, the temperature at the top of the 
crosstie is more sensitive to the ambient temperature compared with the temperature at the bottom of the 
crosstie.  An apparent linearity on all the datasets can be seen when comparing temperature at the crosstie 
versus ambient temperature.  To describe the relationship between top and bottom temperature for the 
different crossties, and the corresponding ambient temperature, linear regression was used.  The equations 
obtained and the coefficient of determination (R2), which numerically represents the dispersion of the data 
with respect to the linear regression, are shown in Figure 4.4. 
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(a)  Top and bottom temperature vs. ambient at MetroLink 
 
(b)  Top and bottom temperature vs. ambient at NYCTA 
Figure 4.4  Linear relation of top and bottom temperature with ambient temperature for the four 
crosstie designs in the scope of study 
Top-Ambient: 
y = 1.5723x - 35.094, R2 = 0.7701 
 
Bottom-Ambient: 
y = 1.0687x - 3.984, R2 = 0.6113 
Top-Ambient: 
y = 1.2583x – 9.2883, R2 = 0.8704 
 
Bottom-Ambient: 
y = 1.0795x – 0.720, R2 = 0.9025 
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(c)  Top and bottom temperature vs. ambient at Metra (Design 3) 
 
(d)  Top and bottom temperature vs. ambient at Metra (Design 4) 
Figure 4.4 continued 
Top-Ambient: 
y = 0.8927x + 2.363, R2 = 0.9287 
 
Bottom-Ambient: 
y = 0.7327x + 9.968, R2 = 0.8129 
Top-Ambient: 
        y = 0.9394x - 0.248, R2 = 0.9288 
 
Bottom-Ambient: 
y = 0.6905x + 11.260, R2 = 0.7572 
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This analysis shows a high correlation between the data, having R2 values from 0.61 to 0.93 for 
the different cases.  Given the large dataset, the extensive period of monitoring, and the repetition of the 
study for different rail transit modes, it is safe to say that the relationship between top temperature and 
ambient temperature, as well as bottom and ambient, can be considered linear.  In addition, it can be 
observed the presence of ballast on the top of the crib makes a difference in the overall temperature of the 
crosstie as stated before.  The direct solar radiation on the crosstie yields top temperatures consistently 
higher than the ambient temperature, expressed through a larger slope of the linear regression trend line.  
As the top of the crosstie is warmer, the bottom is affected by heat propagation within the crosstie and not 
only the ambient temperature, presenting slopes greater than one for MetroLink and NYCTA.  The results 
for the two crosstie designs at Metra present very similar results.  For both cases, the top temperature falls 
below the value of the ambient temperature, as the solar radiation does not directly penetrate the center of 
the crosstie.  The relationship between the ambient temperature and the temperature on the surface of the 
crossties, could help the concrete crosstie industry for future designs for a specific region considering the 
temperature in a similar approach for what has been used for concrete girder, pavement, and frame, etc.  
4.3.2 Temperature Effect on Crosstie Support Conditions Variability 
The flexural behavior of crossties depends heavily on the support conditions beneath the crosstie.  
Previous research on concrete crossties flexural behavior has demonstrated the importance of uniform 
ballast support, as it largely affects the resultant bending moments given a constant input load (Gao et al., 
2017b; Edwards et al., 2018a).  The effect of the temperature gradient on the support conditions has also 
been documented in an earlier study (Wolf et al., 2016), and is explained with the schematic drawing in 
Figure 4.5, depicting higher temperatures in red, and lower in blue.  As the top of the crosstie gets warmer 
than the bottom due to solar radiation, a higher elongation occurs on the top causing the crosstie to lose 
contact with the support at the center.  The opposite case happens during nighttime, or under cold 
temperatures induced by weather conditions (e.g. wind, snow) that causes the top to be colder than the 
bottom.  This leads to an opposite effect, shifting the support conditions toward center binding, as the 
66 
crosstie starts to lose contact from the two ends.  However, while the temperature gradient between top 
and bottom plays a key role in the variation of the support conditions, the uniform deformation of the 
crosstie (i.e. expansion or retraction) also affects the contact surface with the ballast.  
 
Figure 4.5  Graphical representation of crosstie deformation subjected to temperature gradients 
Figures 4.6 presents the variation of the concrete crosstie center bending moment under revenue 
service and the corresponding temperature gradient for MetroLink and NYCTA for a period of 20 days.  
Please note that, as was mentioned earlier, the collection of bending moment data was not sufficiently 
continued at Metra to plot a similar graph.  While MetroLink presents similar bending moment results 
among crossties, this was not demonstrated at the NYCTA installation.  Despite this, it is interesting to 
note that the variation of concrete crosstie center bending moment and the variation of the corresponding 
temperature gradient follow the same pattern, suggesting a close relationship between both variables. 
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(a)  Data from MetroLink 
 
(b)  Data from NYCTA 
Figure 4.6  Temperature gradient and center bending moment variation over time 
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In order to quantify the potential relationship indicated within Figure 4.6, Figure 4.7 plots the 
concrete crosstie bending moment agaist the temperature gradient for MetroLink,  NYCTA, and “Design 
3” crossties at Metra.  Strong linear correlations stand out in Figure 4.7, the details of which are 
summarized in Table 4.3 in terms of the regression equations and R2 values. 
 
(a)  Data from MetroLink center  




(b)  Data from MetroLink rail seat A 
 
(c)  Data from MetroLink rail seat E 
Figure 4.7 continued 
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(d)  Data from NYCTA center 
 
(e)  Data from NYCTA rail seat A 
Figure 4.7 continued 
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(f)  Data from NYCTA rail seat E 
 
(g)  Data from Metra (Design 3) center 
Figure 4.7 continued 
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Based on a review of the relationships shown in Figure 4.7, it is also worth noting that the center 
bending moment for the crossties installed on the light rail system shifts from negative to positive values.  
An absolute variation of 30 kip-in (3.39 kN-m), ranging from -17 kip-in (-1.92 kN-m) to 13 kip-in (1.47 
kN-m), is found for a shift in the temperature gradient from -7 F (-3.9 C) to 30 F (16.7 C).  When 
compared with the center negative design capacity of the “Design 1” used for MetroLink, this bending 
moment variation due to temperature effects represents 20.8% of the overall capacity.  For the heavy rail 
system, similar slopes are found for four out of the five crossties at the center, where crosstie 4 shows the 
highest percentage of the overall bending moment variation.  An increase of 38 kip-in (4.29 kN-m) is 
found for a shift in the temperature gradient from -10 F (-5.6 C) to 37 F (20.6 C).  As noted before, 
“Design 2” at NYCTA has a center negative bending moment capacity is 194 kip-in (21.69 kN-m).  
Hence, an increase in the flexural demand in the center as high as found in the field, would represent up to 
19.7% of the design capacity of the crosstie.  Results from the Metra site using “Design 3” under both 
commuter rail and HAL freight train loading also present similar linear trends as the other two transit 
modes.  The data are more highly dispersed, possibly due to a much smaller dataset, greater variability in 
the loading environment (mixed commuter trains and freight trains), and lower quality of the data due to 
instrumentation-related issues.  Nevertheless, a maximum center bending moment variation of 13 kip-in 
(1.47 kN-m) over a temperature gradient variation of 22 F (12.2 C) is observed, which represents up to 
10.8% of the center capacity.   
  
73 
Table 4.3  Linear regression results for bending moment versus temperature gradient 













Eq. y = 0.7373x - 10.73 y = 0.5407x + 18.341 y = 0.4442x + 20.907 
R2 0.9470 0.8488 0.7550 
Crosstie 2 
Eq. y = 0.8111x - 9.5037 y = 0.494x + 16.377 y = 0.5474x + 17.037 
R2 0.9529 0.8272 0.7189 
Crosstie 3 
Eq. y = 0.8117x - 9.482 y = 0.4697x + 15.429 y = 0.5569x + 17.424 
R2 0.9540 0.8720 0.9190 
Crosstie 4 
Eq. y = 0.4822x - 8.2182 y = 0.2368x + 18.98 y = 0.4654x + 17.197 
R2 0.8558 0.7609 0.8514 
Crosstie 5 
Eq. y = 0.6089x - 9.8827 y = 0.9113x - 5.5686 y = 0.4506x + 18.234 


















Eq. y = 0.7662x - 66.720 y = 0.9692x + 5.173 y = 0.4411x - 10.539 
R2 0.5282 0.5842 0.6158 
Crosstie 2 
Eq. y = 0.9176x - 84.405 y = 0.4731x - 4.091 y = 0.6878x - 5.741 
R2 0.5735 0.3884 0.6838 
Crosstie 3 
Eq. y = 0.1135x - 16.224 y = 0.0286x - 7.569 y = 0.0418x - 8.004 
R2 0.1414 0.0092 0.0290 
Crosstie 4 
Eq. y = 0.7413x – 49.000 y = 0.6735x - 7.197 y = 0.2141x - 12.090 
R2 0.6186 0.5394 0.2742 
Crosstie 5 
Eq. y = 0.7851x - 66.859 y = 0.7999x + 5.570 y = 0.797x - 2.978 




































With the exception of crosstie 3 at NYCTA, the data shows strong linearity based on the R2 
values presented in Table 4.3.  However, the linearity is stronger for center bending moments, as fewer 
factors affect center bending as compared to the rail seat bending.  First, the deformation of the crosstie 
under revenue service loading can change support conditions, demonstrating larger variability at the rail 
seat.  In addition, the rail seat load distribution, typically idealized as point or distributed load, varies 
(Ghosh et al., 2016) affecting the bending moment at the cross sectional level.  It is known that deep beam 
behavior occurs at the rail seat cross section, and the angle of dispersion of the compressive field has been 
shown to be a function of the load and the support conditions (Gao et al., 2017c).  Besides, from the 
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standpoint of ease of instrumentation installation, it is extremely difficult to install strain gauges under the 
rail seat in the field under traffic, likely resulting in less precise positioning and alignment when 
compared to gauges installed at the center.  Additionally, dispersion of the data is a function of the 
variability inherent with field testing, which includes factors such as the homogeneous temperature 
variation in the crosstie, or the change in the dynamic input load. 
As a linear relationship between bending moment and temperature gradient is shown based on 
field results, additional effort was paid to use numerical simulation to further illuminate this relationship.  
A finite element (FE) model developed under previous research in the field of concrete crossties (Chen et 
al., 2014; Chen, 2015; Wolf et al., 2016) was employed to study the relationship between temperature 
gradient and crosstie curling (Wolf et al., 2016).  Several cases were run for gradients ranging from -10 F 
(-5.56 C) to 30 F (16.67 C) to quantify the bending moment at the crosstie center with the assumption 
that the crosstie is evenly supported along its length.  Figure 4.8 shows the results of the FE analysis. 
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Figure 4.8  Temperature gradient versus center bending moment obtained  
through numerical simulation 
It can be observed in Figure 4.8 that, through numerical simulation, a linear relationship between 
bending moment and temperature gradient is confirmed when holding load constant.  Note that the 
loading environment has been determined to be fairly consistent for all the sites in this study throughout 
the course of long-term field monitoring (Edwards et al., 2018b).  The slope of the linear regression, 
shown in Figure 4.8, also falls within the range of values derived from the field data (Table 4.3).  Thus, it 
is reasonable to conclude that the effect of the temperature on the flexural behavior of concrete crossties 
under revenue service loading conditions has a linear correlation, which is primarily dependent on the 
temperature difference between top and bottom of the crosstie.  
As discussed earlier, based on the field data collected in this study, the variation of crosstie 
bending moment could be up to 20% of the design capacity due to temperature gradient.  It is expected 
that with higher temperature gradient, the variation of bending moment would account for a higher 
percentage of the design capacity.  Therefore, it is not safe to ignore the possible temperature gradients 
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during the design process for concrete crossties.  Based on field data collected in this study, the results 
presented in Table 4.3, and the numerical simulations shown in Figure 4.8, a Correction Factor of 1 kip-
in/F (0.203 kN-m/C) is proposed.  Hence, for the design bending moment capacity, an increment equal 
to the temperature gradient between top and bottom multiplied by the proposed coefficient should be 
added in order to account for the extra bending moment caused the temperature gradient.  A comparison 
of the maximum effect on the center bending moment found in the field, through numerical simulation, 
and the proposed Correction Factor is shown in Figure 4.9.  It can be seen that the proposed correction 
factor represents a slightly conservative approach, common for implementation of new parameters into a 
design processes.  For design purposes, the proposed correction factor should be coupled with a predicted 
temperature gradient considering the most extreme environmental conditions in specific regions where 
crossties will be installed. 
 
Figure 4.9  Comparison of field results, numerical simulation results,  
and proposed correction factor for design 
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4.3.3 Non-linear Gradient Effect in Concrete Crossties 
When installed in track, concrete crossties are relatively unconstrained, especially when 
compared to other concrete structures such as frames, bridges, and pavements.  The ballast layer where 
the crosstie is embedded, with the rail sitting on top, and its own weight are the primary factors that 
restrain deformation.  Thus, it is safe to assume that crossties are subjected to limited restraint, being 
largely free to deform.  This leads to not inducing high temperature-related stresses due to indeterminacy 
of the crossties.  Nevertheless, additional considerations should be made depending on the temperature 
gradient function.  When this gradient is linear and the deforming element is unrestrained, the imposed 
deformation will match theoretical deformation, following Equation 4-5.  
 ( ) =  ( ) (4-5) 
 
Where  is the temperature gradient over the cross section depth (°F). 
However, this will not be the case for non-linear temperature gradients.  The Bernoulli hypothesis 
states that plane cross sections remain plane after deformation, and that cross sections remain orthogonal 
to the fibers (Salencon, 2001).  For this reason, self-equilibrating stresses will appear when imposing a 
non-linear gradient to the cross section (Mohamed and Hansen, 1996).  These self-induced stresses can 
cause a reduction of the cross-sectional capacity, as crack appearance due to tensile or compressive 
stresses induced by bending will develop earlier.  Therefore, the effect of non-linear gradients across the 
critical crosstie cross sections requires investigation.  Research has shown that linear gradients along the 
cross section of a concrete element are idealizations of actual field conditions.  Studies focused on 
highway pavements (Thompson et al., 1987), concrete frames (Vecchio and Sato, 1990), or bridge girders 
(Barr et al., 2005) also indicated the need for this consideration.  Hence, a better representation of the 
temperature effects on concrete elements can be achieved using non-linear temperature gradients.  
As previously stated, stresses are generated from the restraint of deformation.  Thus, as the cross 
section tends to remain plane, adjacent infinitesimally deep fibers restrain each other’s deformation.  
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These induced self-equilibrating stresses are balanced within the cross section, having a null resultant 
when summed over the depth of the element.  Figure 4.10 presents this concept, when applied to concrete 
crossties.  Considering a non-linear gradient assumed to be constant through the width of the cross 
section, and varying with the depth, the theoretical thermal strain has been already defined in  
Equation 4-5.  For the calculation, cross sectional depth is noted as z, being zero at the center of gravity 
(c.g.) of the concrete cross section. 
 
Figure 4.10  Strain distribution of unrestrained crosstie cross section  
under non-linear temperature gradient  
As the theoretical strain state is not feasible according to Bernoulli hypothesis, balancing stresses 
will develop as shown in Figure 4.10, obtaining a linear final deformation state.  Hence, the final linear 
strain field is defined as presented in Equation 4-6 as a summation of the thermal strain and the stress-
induced strain. 
 ( ) = ( ) + ( ) (4-6) 
 
While imposing no axial load and bending moment on the cross section, the induced stresses can 
have significant importance.  For the case of crosstie design, where crack initiation is considered as 
structural failure (American Railway Engineering and Maintenance-of-Way Association, 2017), the 
accumulation of tensile stresses at the top of the center cross section can significantly reduce the element 
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capacity when subjected to center negative bending moments.  Accumulation of compressive stresses can 
also have an impact, although less significant.  The same effect can affect the other critical cross section 
(rail seat) capacity.  
The concept of self-equilibrating stresses in concrete structures has been discussed, formulated, 
and studied in the past for bridge girders applications (Potgieter and Gamble, 1989; Barr et al., 2005), 
concrete frames (Vecchio and Sato, 1990), and pavements (Richardson and Armaghani, 1987; Mohamed 
and Hansen, 1996).  While previous work was derived around the same concepts, Figure 4.10 and the 
formulations within have been obtained following the methodology derived for the simply supported 
bridge girder case (Barr et al., 2005).  Axial load equilibrium can be derived from Equations 4-3, 4-5, and 
4-6, as shown in Equation 4-7. 
 
 [ ( ) −  ( )] = 0 (4-7) 
 
Bending moment equilibrium can be analogously defined from Equations 4-4 to 4-6 as presented 
in Equation 4-8. 
 
 [ ( ) −  ( )] = 0 (4-8) 
 
Hence, the final linear strain field function of the depth can be formulated as in Equation 4-9, 
depending on the constant ε0, or centroidal strain, and Φ0, known as curvature. 
 ( ) = 0 + 0  (4-9) 
 
The centroidal strain, as defined in the literature (Barr et al., 2005), is derived from the axial load 








Following the same procedure, the curvature is obtained from the bending moment equilibrium, 
as presented in Equation 4-11. 
 
0 =




To model the non-linear gradient, previous research in concrete pavements has used solar 
radiation as a predictor.  The referenced investigations present polynomial approximations as a good fit 
for temperature field results.  An earlier study used a parabolic model (Richardson and Armaghani, 1987).  
However, posterior research to the aforementioned concluded that a third order polynomial yields better 
results (Mohamed and Hansen, 1996).  The latter has been used for the study of concrete crossties. 
To quantify the most extreme cases, the largest positive and negative temperature gradients 
measured on the field in the light rail system (“Design 1”) were selected.  The maximum positive gradient 
found in the database is 32.2 °F (17.9 °C), recorded on May 19th 2016 at 1:05 pm CST.  The maximum 
negative temperature gradient is -12.1 °F (-6.7 °C), found on June 13th 2016 at 7:15 pm CST. 
While the field data only provides the temperature at two locations of the crosstie (top chamfer 
and base), using previous laboratory experimentation results (Wolf et al., 2016) the temperature at the top 
and bottom of the crosstie center cross section is extrapolated for the two cases of study.  These data are 
fitted to a third order polynomial, obtaining the model of the temperature gradient.  Hence, the 
temperature gradient is modeled using Equation 4-12.  The results are presented in Table 4.4.  As shown 
in Figure 4-10, the origin of the z axis is considered at the center of gravity of the cross section.  Figures 
4.11 (a), (b), show the plots of the modeled temperature gradients over the cross section of the crosstie. 
 ( ) = + + +  (4-12) 
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Table 4.4  Temperature gradient modeling results. 
Gradient A B C D 
32.2 °F (17.9 °C) 9.8566 -5.2213 0.9143 -0.0918 
-12.1 °F (-6.7 °C) 12.1810 2.6755 -0.5745 -0.0782 
 
 
(a)  Maximum positive gradient measured on the field and polynomial fit 
Figure 4.11  Field derived maximum temperature gradients in the center cross section of crosstie 






(b)  Maximum negative gradient measured on the field and polynomial fit 
Figure 4.11 continued 
The material properties of the concrete were obtained from previous research in the field (Wolf et 
al., 2016; Edwards et al., 2017b).  As these calculations consider the uncracked section, working in the 
linear range, and the reinforcing steel material properties are not considered.  The coefficient of thermal 
expansion of concrete used in the study is 5.5 με/°F (9.9 με/°C).  The compressive strength was taken as 
7,000 psi (48,263 kPa), and the elastic modulus was obtained following ACI 318 provisions (ACI 
Committee 318, 2014).  The employed elastic modulus was 4,768.96 ksi (32,880.85 MPa).  The 





(a)  Self-equilibrated stress distribution induced by maximum positive temperature gradient 
 
(b)  Self-equilibrated stress distribution induced by maximum negative temperature gradient 
Figure 4.12  Self-equilibrated stress distribution in the center cross section for the maximum 
positive and negative temperature gradients 
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 Figures 4.12 (a), (b), present the induced stresses on the center cross section for the maximum 
positive and maximum negative non-linear temperature gradients.  Compressive stresses are taken as 
negative, and tensile stresses as positive.  It can be observed that, under positive gradients, compressive 
stresses are induced at the top and bottom, while tensile stresses are found toward the center of the cross-
sectional depth.  When subjected to the negative temperature gradient, tensile stresses are found at top and 
bottom.  The concrete tensile strength (or modulus of rupture) is limited by ACI 318 (ACI Committee 
318, 2014) to 627.5 psi (4,326 kPa) for prestressed flexural members.  The ACI requirements are 
referenced within Chapter 30 of the AREMA Manual (American Railway Engineering and Maintenance-
of-Way Association, 2017) as an additional check for design adequacy. 
The maximum compressive stresses induced at top and bottom are 184 psi (1,269 kPa) and 
113 psi (779 kPa), respectively.  When compared with the maximum allowable compressive stress limit 
in prestressed concrete member provided by ACI 318 (2014), which is 4,200 psi (28,958 kPa), its impact 
is low.  However, the maximum tensile stresses at top and bottom caused by a non-linear gradient are 
found to be 77 psi (531 kPa) and 85 psi (586 kPa), respectively.  When compared with the modulus of 
rupture of the typical concrete used for crossties, these represent up to 13.5% of the value.  Hence, the 
presence of tensile stresses at top and bottom, if combined with external loading, can lead to a sensible 
capacity reduction, accelerating the crack initiation in the crosstie. 
Therefore, this study presents that the effect of the non-linear temperature gradient in concrete 
crossties is non-trivial, and it can impact the flexural performance.  A more exhaustive study should be 
performed to accurately quantify the impact of this phenomenon.  
4.4 Conclusions 
Extensive field study of the effects of temperature in concrete crossties for rail transit applications 
has been conducted.  Through the instrumentation of three different revenue tracks, the investigation 
comprised different loading scenarios, as well as a variety of support conditions.  As a result of this study, 
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the following conclusions of immediate application in the field of railroad infrastructure design can be 
drawn: 
 The temperature at the top and bottom of the four studied crossties showed a strong linear 
relationship with ambient temperature.  Additionally, the temperature at the top chamfer of the 
crosstie is generally higher than the temperature at the base.  The presence of ballast on the top of 
the crib prevents the top of the crosstie from direct solar radiation yielding lower temperatures at 
the top chamfer and base for similar ambient temperatures.  The largest positive gradients are 
found toward the middle of the day (noon) and are associated with solar radiation.  Negative 
gradients are found during nighttime hours.  With the selected instrumentation sites, the 
maximum positive temperature gradient (top chamfer temperature minus base temperature) found 
in the field was 38.1 °F (21.2 °C).  The largest negative temperature gradient found in the field 
was -12.1 °F (-6.7 °C).  When comparing absolute values, positive temperature gradients are 
larger than the negative.  
 The relationship between temperature variation and flexural behavior of concrete crossties under 
revenue service loading conditions has been shown to be linear, and consistent among different 
sites.  The bending moment variation in the center and the rail seats for a given temperature 
gradient variation is found to be similar for different loading magnitudes and concrete crossties 
designs.  Positive temperature gradients cause a reduction in the center negative bending moment 
and an increase in the rail seat positive bending moment.  This has been attributed to a loss of 
contact of the center region (and increase toward the rail seats) of the crosstie with the ballast due 
to the positive bowing of the element.   
 Variation of bending moment at the center of the crosstie due to temperature gradient ranges from 
11% to 21% of the crosstie design capacity based on the field data collected in this study.  Design 
methodologies should acknowledge the importance of temperature-related effects on crossties 
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flexural behavior.  A Correction Factor of 1 kip-in/F (0.203 kN-m/C) is proposed to account 
for the change in support conditions due to temperature gradient.  The proposed Correction 
Factor needs to be coupled with a predicted temperature gradient considering the most extreme 
environmental conditions in specific regions. 
 Induced tensile stresses by non-linear temperature gradients can reach up to 13.5% of the tensile 
strength of the concrete.  Hence, non-linear temperature gradients at the critical cross sections can 
lead to an accelerated failure at a lower externally applied bending moment due to wheel loads. 
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CHAPTER 5: RAIL DISPLACEMENT QUANTIFICATION AND PREMIUM ELASTIC 
FASTENING SYSTEM PERFORMANCE ANALYSIS 
 
5.1 Introduction 
Rail displacements are a relevant metric that can be used to evaluate track performance.  Keeping 
the appropriate level of serviceability in the track is also key to increasing the time between maintenance 
cycles and reducing overall operating cost.  Irregular track geometry can cause accelerated deterioration 
in the track due to higher impact loads.  In addition, excessive rail displacements may generate safely-
related service delays related to the operation of the line, affecting the efficiency of the transit system as a 
whole.  Current safety guidelines do not address this topic in depth, at least with respect to the initial 
design of the system.  While limiting performance parameters are provided (i.e. gauge opening maximum 
provided by the Federal Railroad Administration), these depict extreme cases where operation should be 
arrested.  Meanwhile, serviceability limit values are not provided, complicating the assessment of rail 
restraint performance.   
The use of concrete crossties results in a higher stiffness track structure.  This places a higher 
demand on the fastening system, requiring premium performance to maintain the integrity of the track.  
Fastening systems must maintain track gauge and prevent excessive rail movement that might cause 
accelerated failure of other components of the superstructure of the track (Williams et al., 2016).  Hence, 
as stated in Chapter 2, the requirement of premium elastic fastening systems is an integral characteristic 
of concrete crosstie ballasted track.  
Extensive research has been done for elastic fastening systems on ballasted track under freight 
railroad loading conditions (Williams et al., 2016; Holder et al., 2017), but limited research has focused 
on rail transit systems.  For this reason, this Chapter aims to evaluate the performance of fastening 
systems under rail transit loading conditions, presenting a methodology that is applicable to future studies 
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of a similar nature.  Ultimately, this research aims to take a step forward on developing an evaluation 
procedure for premium elastic fastening systems to increase the likelihood of proper long term field 
performance. 
The analysis has been based on field data collection through the use of PDMDs, which are 
described in Chapter 2.  Preliminary results from this study were previously presented and discussed 
(Canga Ruiz et al., 2017).  Through the quantification of rail displacements under a known loading 
environment, different questions related to fastening system behavior are answered.  In addition to the 
study of the measured rail displacements, the field lateral stiffness of the system is derived through the 
concurrent analysis of lateral displacements and input lateral dynamic loads. 
5.2 Data Collection and Results 
Collected rail displacements, as presented in Chapter 2, were acquired by placing potentiometers 
at the rail base immediately before and after the selected fastening system.  Potentiometers were placed 
on both sides of the fastening system to more accurately capture any rotational behavior of the fastening 
system.  The data collection for this portion of the FTA-funded project could not be continuous due to a 
variety of limitations; thus, instrumentation was deployed in discrete points in time (e.g. multiple, single 
day periods of data collection).  Vertical and horizontal rail base displacements were recorded at one or 
both rails simultaneously.  Recording of data was done with the cDAQ presented in Chapter 2 through the 
use of linear potentiometers mounted on the PDMDs and the rail strain gauges.  Maximum local 
displacements, either positive or negative, were found as the wheel passed over the potentiometer-
instrumented rail seat.  The obtained signal was processed by employing a specifically-designed filter and 
performing a baseline correction to obtain real displacement results.   
 For this study, horizontal displacements were deemed as positive toward the field side and 
negative toward the gauge side.  In the case of vertical displacements, upward displacements were defined 
as positive. 
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 PDMDs were deployed at three different locations; at both of the curved sites on MetroLink and 
NYCTA, and at the tangent site on MetroLink.  Lateral loads at the instrumented curve sites was retrieved 
to match the measured rail displacements.  Rail displacement results are portrayed using box plots to 
visually evaluate the displacements’ distributions.  Box plots are used to present the data, placing the 
central 50% of the total information inside the box, defined as the inner quartile range (IQR).  The median 
is shown to separate the two central quartiles.  In addition to this, whiskers and crosses are used to 
represent maximums, minimums, and outliers. 
5.2.1 Light Rail Tangent Site 
Instrumentation was deployed at the MetroLink tangent site on two different occasions, collecting 
a total of 31 trains (6 during the first visit, 25 during the second).  Data were collected from one rail 
during the first site visit and from both rails during the second.  The rail base displacements were 
consolidated for the six different studied metrics (horizontal, field vertical, and gauge vertical 
displacements on both rails). 
 
Figure 5.1  Displacements in MetroLink tangent site by rail and by potentiometer 
Results from the MetroLink tangent site are shown in Figure 5.1.  Maximum horizontal 
displacements were found to be positive, with the rail displacing toward the field side leading to gauge 
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opening.  However, when comparing the overall distribution, horizontal displacements are distributed 
evenly toward the field and the gauge sides of both rails.  Negative horizontal displacements are thought 
to be a result of friction at the wheel-rail interface.  Maximum absolute horizontal displacement at the 
tangent site was 4.4x10-3 in (0.11 mm) toward the field side, which is a negligible value that is not likely 
to generate failure.  
Vertical displacements at both rails were found to be consistently downward, both on the field 
and gauge sides, and no positive vertical displacements were noted.  Additionally, vertical rail 
displacements on field and gauge sides presented similar distribution indicating that the rail did not rotate 
at the tangent site.  The maximum absolute displacement recorded at the field side was 6.7x10-3 in (0.17 
mm) downward and 4.3x10-3 in (0.11 mm) downward at the gauge side. 
 The study of the tangent site also revealed that there is not a noticeable difference in behavior 
between the two rails.  This conclusion, consistent with conventional wisdom, is that the rocking of light 
rail vehicles does not cause a distinct force unbalance between rails on tangent track.  
5.2.2 Light Rail Curve Site 
A total of 48 train passes were analyzed for the MetroLink curved site over the course of three 
field visits, with instrumentation deployed on both the high and low rail during each visit.  Peak results 
are presented in Figure 5.2 for horizontal, vertical field, and vertical gauge displacements of high and low 
rail using box plots.  
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Figure 5.2  Displacements in MetroLink curve site by rail and by potentiometer 
When focusing on lateral movement of the rails, displacements toward the field side was found to 
be predominant, with almost 75% of the values found to be positive both on the high and low rail.  Gauge 
widening was found under train passes on the curve site.  Residual lateral displacement toward the gauge 
side were found, and were likely generated due to friction at the wheel-rail interface.  When comparing 
absolute values, the maximum displacement toward the gauge side found was 30% of the maximum 
positive displacement.  Maximum measured displacements toward the field side are 11.3x10-3 in 
(0.29 mm) and 8.6x10-3 in (0.22 mm) for high and low rail, respectively.  
Vertical displacements on the field side were distributed similarly for both high and low rail and 
predominantly (approximately 70% of data) showed a downward displacement behavior.  The IQR 
presented mostly negative data, spanning from 0.5x10-3 in (0.01 mm) to approximately -5x10-3 in (0.10 
mm) at high and low rail.  Uplift displacements up to 50% of the highest negative vertical displacements 
on the high rail and up to 36% on the low rail were recorded for the field side vertical displacement.  
Largest vertical downward displacements recorded on site were 0.0111 in (0.28 mm) and 0.0078 in (0.20 
mm) for the low rail and high rail, respectively.  
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Results for gauge side vertical displacement of the rail base showed that uplift of the rail was 
found to be larger than the downward movement.  When focusing on the IQR at both rails, it can be 
observed that the displacements are distributed around 0.  On the other hand, when considering the rest of 
the data, upward positive displacements are found to be higher, especially in the low rail, reaching 
10.3x10-3 in (0.26 mm) for the low rail and 7.7x10-3 in (0.20 mm) for the high rail.  Maximum downward 
displacement was -5.8x10-3 in (-0.15 mm) measured on the high rail.  Thus, in addition to finding larger 
positive displacements in the low rail, both rails presented similar results when considering all vertical 
gauge-side displacements at the MetroLink curve site.  Furthermore, the large positive displacements in 
the gauge side and the predominant negative displacements in the field side prove the rotation of the rail 
toward the field side in high and low rail. 
In order to expand the analysis and achieve a better understanding of the behavior of the rail 
under wheel pass, the results were discretized by wheel and axle, from 1 to 12, with wheel 1 being the 
first to pass over the instrumented site.  Given the consistent nature of the results for both of the cars of 
the train, the following plots represent the measured displacements of each axle of one car.  A schematic 
of how the results have been grouped is pictured in Figure 5.3.  
 
Figure 5.3  MetroLink axle grouping sketch 
Displacements discretized by axle within a car are shown in Figures 5.4 to 5.9. 
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Figure 5.4  Horizontal displacements in low rail and by LRV wheel (1-12) 
 
 
Figure 5.5  Horizontal displacements in high rail and by LRV wheel (1-12) 
As shown in Figures 5.4 and 5.5, a defined horizontal displacement pattern can be observed for 
both the high and low rail.  Leading axles cause the highest displacements on the system, and trailing 
axles induced only a minor disturbance in the rail.  This gives an overview of the dynamic behavior of the 
rail in the curve under dynamic loading of cars.  While leading axles force themselves through the rail in 
the curve, trailing axles pass before the rail has time to recover to its original position.  This behavior was 
found to be consistent across the three two-axle trucks of each car at both rails. 
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Figure 5.6  Field side vertical displacements on low rail by LRV wheel (1-12) 
 
 
Figure 5.7  Field side vertical displacements on high rail by LRV wheel (1-12) 
Vertical displacements on the field side are shown in Figures 5.6 and 5.7, where is noted to 
present similar behavior to what was observed for lateral displacements.  The leading axle of every truck 
caused larger displacements than the trailing axles.  In this case, due to vertical loads being larger than 
lateral loads, displacements under trailing axles are noticeable. 
Gauge side vertical displacements are represented in Figures 5.8 and 5.9, and show different 
behavior for both the low and high rail.  
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Figure 5.8  Gauge side vertical displacements on low rail by LRV wheel (1-12) 
Figure 5.8 presents vertical displacements on the gauge side for the low rail by wheel.  Movement 
of the low rail shows a clear trend, with positive displacements measured under leading axles while 
negative displacements were noted under trailing axles.  Positive displacements under leading axles, 
coupled with larger negative displacements on the field side, suggest that the rotation of the rail is larger 
under the leading axles.  As seen in previous results, the highest displacements in absolute value are 
indeed found under the leading axles. 
Figure 5.9  Gauge side vertical displacements on high rail by LRV wheel (1-12) 
Vertical displacements on the high rail gauge side, shown in Figure 5.9, present a similar pattern 
to the low rail, where leading axle displacements revealed larger positive values and trailing axle 
displacements larger negative ones.  However, displacements under leading and trailing axles were found 
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to be in both directions, finding positive and negative displacements at all cases.  This defines a more 
complex behavior, where the dynamics of the wheel-rail interaction induced larger variability in the 
results. 
Having observed different vertical displacement behavior on the gauge side for the high and low 
rail suggests that the angle of attack of the wheel when entering the curve causes the train dynamics to 
have different effect on each rail.  The light rail vehicles used by MetroLink have rigid trucks, not 
allowing the individual steering of each axle.  In addition, the rotation of the rail obtained was larger for 
the low rail as larger positive displacements on the gauge side and larger negative displacements on the 
field side were found.  
5.2.3 Heavy Rail Curve Site 
PDMDs were deployed at NYCTA curve site on one occasion, collecting field data for seven 32-
axle trains passing the site.  Data were collected on both the high and the low rails.  Rail displacements 
under full-speed and reduced-speed trains were measured.  Aiming to present the data in an effective 
manner, the rail behavior under heavy rail loading was grouped by two-car sets as shown in Figure 5.10, 
as it was determined that the rail behavior was consistent among the four 8-axle married pairs. 
 
Figure 5.10  NYCTA axle grouping sketch 
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 Therefore, the rail displacement data are presented by axle, in order to analyze the differences in 
the rail displacement behavior and aiming to compare it with the results at the MetroLink curve site, 
where the loading conditions are less demanding.   
 
Figure 5.11  Horizontal displacements in low rail and by LRV wheel (1-32) 
 
Figure 5.12  Horizontal displacements in high rail and by LRV wheel (1-32) 
 Figures 5.11 and 5.12 show NYCTA horizontal displacements by axle on the low and high rail, 
respectively.  Similar to what was observed at the MetroLink curve site, the leading axles caused larger 
displacements than the trailing axles.  This behavior was observed on both rails, showing a consistent 
distribution of the lateral displacements.  Horizontal displacements tend to be toward the field side, 
finding only residual negative displacements at both rails.  Maximum horizontal displacement was found 
in the low rail, being this 30.4x10-3 in (0.77 mm) toward the field side.  The maximum horizontal 
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displacement generated by a trailing axle was 20.2x10-3 in (0.51 mm), albeit an outlier on the low rail.  
However, horizontal displacements caused by trailing axles present narrow distributions as shown on the 
box plots, indicating that the majority of the data is significantly lower for trailing axles compared to 
leading axles. 
 Analogously, Figures 5.13 and 5.14 present the obtained results for the field side vertical 
displacements on the low and high rail. 
 
Figure 5.13  Field side vertical displacements on low rail by LRV wheel (1-32) 
 
Figure 5.14  Field side vertical displacements on high rail by LRV wheel (1-32) 
 Rail base field vertical displacements under heavy rail loading conditions show a similar 
distribution between leading and trailing axles in low and high rail.  Once again, the leading axles 
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generate larger downward rail displacements than the trailing axles.  Nevertheless, when comparing 
results on both the high and low rail, displacements are significantly larger on the high rail.  The largest 
displacements of the leading axles on the high rail were around 50x10-3 in (1.27 mm) downward, while 
for the low rail, the largest displacements caused by the leading axle were around 30x10-3 in (0.76 mm).  
Furthermore, displacements induced by trailing axles were found to be larger on the high rail than in the 
low rail.  In addition to finding larger displacements on the high rail, the distribution of the displacements 
was found to be more variable as compared to the low rail. 
 
Figure 5.15  Gauge side vertical displacements on low rail by LRV wheel (1-32) 
 
Figure 5.16  Gauge side vertical displacements on high rail by LRV wheel (1-32) 
100 
Lastly, Figures 5.15 and 5.16 depict low and high rail vertical gauge displacement results for 
NYCTA.  Rail displacements followed similar patterns on low and high rail, where larger upward 
displacements were found under leading axles and larger downward displacements under trailing axles.  
Larger upward displacements on the gauge side and downward displacements on the field side under 
leading axles indicated that the maximum rotation of the rail was achieved under leading axles, 
consistently rotating toward the field side on both the high and low rail.  On both rails, the leading axles 
induced positive and negative gauge vertical displacements.  Under trailing axle loading, results on the 
low rail are primarily negative, while positive and negative displacements were found on the high rail.  
Similar to what was found on the MetroLink curve site, vertical gauge displacements demonstrate more 
complex behavior on the high rail. 
5.2.4 Modal Comparison 
To complement the study of the rail displacement obtained results, a modal comparison was 
made, using the light rail and heavy rail results, as well as rail displacements under freight loading 
conditions presented in a previous study (Edwards et al., 2017a).  The aforementioned study presented 
horizontal rail displacement results only.  Maximum positive and negative displacements are presented 
for tangent (Table 5.1) and curve track (Table 5.2). 
 Table 5.1 shows that maximum horizontal displacements under freight loading conditions on 
tangent track were found to be almost five times the horizontal rail displacements found under light rail 






Table 5.1  Maximum and minimum recorded rail displacements at tangent site locations 
Rail Base 
Displacement 
Light Rail Heavy Rail Freight 
Max. Min. Max. Min. Max. 
in*10-3 (mm) in*10-3 (mm) in*10-3 (mm) in*10-3 (mm)  in*10-3 (mm) 
Rail 
Horizontal 4.4 (0.11) -3.6 (-0.09) --- --- 21.5 (0.55) 
Vert. Gauge 0.6 (0.01) -4.3 (-0.11) --- --- --- 
Vert. Field 0.5 (0.01) -6.7 (-0.17) --- --- --- 
 
 As shown in Table 5.2, and in alignment with conventional wisdom, maximum displacements 
under heavy rail loading conditions were considerably larger than under light rail.  Maximum 
displacements found at NYCTA ranged between two and five times the values obtained at MetroLink.  As 
a point of reference from Chapter 2, static loads at NYCTA were found to be almost double MetroLink’s 
highest static loads.  Therefore, this ratio suggested that not only the more demanding loading scenario 
governed, but also the performance of the fastening system at each location could have influenced the 
disparity in results.  When compared with the freight horizontal displacement results, both transit modes 
yielded lower results, however the heavy rail results were only 25% to 30% lower. 
Table 5.2  Maximum and minimum recorded rail displacements at curve site locations 
Rail Base 
Displacement 
Light Rail Heavy Rail Freight 
Max. Min. Max. Min. Max. 
in*10-3 (mm) in*10-3 (mm) in*10-3 (mm) in*10-3 (mm)  in*10-3 (mm) 
Low 
Rail 
Horizontal 8.6 (0.22) -1.7 (-0.04) 30.4 (0.77) -3.5 (-0.09) 38.0 (0.97) 
Vert. Gauge 10.3 (0.26) -4.6 (-0.12) 27.6 (0.70) -24.6 (-0.62) --- 
Vert. Field 4.2 (0.11) -11.1 (-0.28) -3.5 (-0.09) -51.2 (-1.30) --- 
High 
Rail 
Horizontal 11.3 (0.29) -3.0 (-0.08) 22.2 (0.56) -0.2 (-0.01) 29.0 (0.74) 
Vert. Gauge 7.7 (0.20) -5.8 (-0.15) 29.5 (0.75) -20.1 (-0.51) --- 
Vert. Field 3.9 (0.10) -7.8 (-0.20) -0.4 (-0.01) -30.7 (-0.78) --- 
 
When comparing results from both tangent and curve track under light rail loading, it can be 
observed that maximum horizontal displacements are larger on the curve site, approximately double 
tangent track.  Without conducting a more thorough analysis, this trend can be observed from the HAL 
freight rail displacement data presented as reference.  Finding larger horizontal displacements on curves is 
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a consequence of the larger lateral loading scenario present on these sections of the track due to the load 
unbalance.  Horizontal displacements on tangent sites are primarily caused by horizontal loads induced by 
the rocking of the rolling stock. 
 It was observed in Section 5.2 as well as in Tables 5.1 and 5.2 that field vertical displacements 
were found to be similar on both tangent and curves.  Overall, values were found to be larger at the curve 
site, which could be either induced by the load unbalanced caused by the rotation of the rail or due to the 
larger data set used for that analysis.  However, gauge vertical displacements demonstrated a noticeable 
difference between curve and tangent.  While downward displacements similar to the field side were 
found at the tangent site, suggesting that the rail did not rotate, opposite behavior was found at the curve 
site.  Large upward rail displacements alternated with downward movements, indicating a more complex 
behavior of the rail on curves.  Consequently, the rail was perceived to rotate toward the field side on 
curve track.  This behavior was found under light and heavy rail loading conditions. 
5.3 Lateral Load-Displacement Study 
As concluded in the previous Section, horizontal rail displacements have little relevance on 
tangent track, but can become significant on curves.  In addition to the rail displacement study presented 
in this Chapter, a field-derived lateral stiffness of the system was obtained using lateral rail displacement 
and loading collected data.  As defined in Chapter 2, this research fell within a larger FTA-funded 
research program that, among other things, aimed to characterize the dynamic rail transit loading 
environment through the use of strain gauges deployed on the rail.  Consequently, lateral revenue loading 
information was collected simultaneously with the rail displacements at the curve sites in MetroLink and 
NYCTA.  These information was also compared with the previously introduced freight data, obtained 
from a FRA-funded study with similar scope (Edwards et al., 2017a). 
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 Matching the lateral rail displacements with the concurrent lateral loading data, the results are 
plotted in Figure 5.17 for MetroLink and NYCTA.  Moreover, the freight data is also shown in Figure 
5.17, although the available information consisted of five individual experiments. 
 
Figure 5.17  Lateral displacement versus lateral dynamic load for the three compared systems 
 A linear trend can be observed with a few outliers present.  The loading scenarios of the three 
different compared modes are quite different.  Consequently, in order to compare the fastening system 
performance, the load-displacement behavior was considered and compared.  Preliminary conclusions of 
how the different systems behave were drawn form this study, based on the assumption that premium 
elastic fastening systems work in the elastic range under regular loading conditions.  For this purpose, 
linear regression was performed, and is graphically presented in Figure 5.18.   
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Figure 5.18  Linear regression of the lateral displacement versus lateral dynamic load for  
the three compared systems 
 The slopes from the linear regressions were used to compare the lateral performance of different 
fastening systems regardless of the loading environment at each site.  Larger slope represents a stiffer 
system, thus less displacement at a defined load level.  In Figure 5.18, it can be observed that the 
fastening system used by MetroLink showed lower displacements for similar load levels, having a stiffer 
response to the lateral dynamic loading than the other systems.  On the other hand, the fastening system 
studied at NYCTA consistently showed the least stiff behavior.  These results, while insufficient to fully 
address how the different fastening system designs work, gives a general overview of their respective 
lateral stiffness.  However, while the lateral displacements found on site were far from concerning in 
terms of safety in the operation, the noticeably more flexible behavior of the fastening system at NYCTA 
could reveal that, either the design is less conservative than others, or the specific fastening system’s 
components had larger levels of deterioration. 
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5.4 Conclusions 
Displacements of the rail under light and heavy rail loading conditions were collected and 
analyzed by UIUC researchers.  The study used field measurements to quantify the behavior of fastening 
systems under the load at both a light rail transit system (MetroLink) and a heavy rail transit system 
(NYCTA).  The field sites included one tangent section (MetroLink) and two curve sections (MetroLink 
and NYCTA).  Furthermore, freight rail displacement data from a previous FRA-funded research project 
were used as a means for comparison.   
Horizontal displacements of the rail were found to be consistently toward the field side under 
wheel loads, meaning that gauge widening occurred under train passes.  Larger displacements were 
measured at the curve site with respect to the tangent site under the same light rail loading conditions.  
Therefore, curves were found to be more challenging for the performance of the fastening system.  
Additionally, the curve site showed more complex rail dynamics under wheel loads. 
When comparing rail displacements at curve sections of track measured on two different rail 
transit systems, it was found that, despite showing similar rail base displacement distributions at high and 
low rail, displacements at NYCTA were found to be higher than the ones at MetroLink.  This difference 
was disproportionate to the static load ratio between the two systems.  Beyond differences in loading 
environment, this difference could be a result of fastening systems performing differently or a disparity in 
their condition.  Results were compared with maximum horizontal displacements under HAL freight 
loading conditions obtained at a previous study funded by the FRA.  Not surprisingly, rail displacements 
under light and heavy rail loading presented lower displacements than the ones found at the consulted 
HAL freight study. 
Moreover, some specific conclusions for each of the analyzed track segments were drawn: 
For the curved sites on both MetroLink and NYCTA: 
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 Gauge side displacement values alternate between positive and negative values.  In other words, 
rotation of the rail was found to occur under each truck (two-axle) pass.   
 Leading axles of each truck caused the largest horizontal and field vertical displacements.  The 
displacement of the rail primarily occurs under the leading axle, not allowing the rail to recover 
its original position before the trailing axle passes.  The difference in movements induced by 
leading and trailing axle was found to be more noticeable in horizontal displacements. 
 Rotation of the rail was found to be consistently toward the field side.  Rail displacement under a 
train pass contributes to gauge widening. 
For tangent site: 
 Rotation of rail is much lower than expected, even negligible at times.  Vertical displacements at 
field and gauge side were found to be similar in magnitude and distribution 
 Minor horizontal displacements were captured, which were attributed to the rocking of the rolling 
stock. 
The lateral performance of the fastening system designs deployed on curve track were also 
compared, relating the collected displacement and dynamic loading data.  These data presented a linear 
relationship between lateral displacement and loading in all cases.  The stiffness of the systems were 
compared.  MetroLink’s fastening system presented a stiffer performance, while NYCTA showed larger 
displacements under similar loading levels than the other two compared data sets.  Without discussing the 
gauge retention requirements for an optimal solution at each site, MetroLink showed a higher level of 
performance in terms of rail restraint.  This suggested that a more laterally stiff (or less deteriorated) 
fastening system was investigated at MetroLink. 
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CHAPTER 6: CONCLUSIONS AND FUTURE WORK 
This work is a contribution to the field of railroad track infrastructure engineering, and focuses 
specifically on the performance of prestressed monoblock concrete crossties and premium elastic 
fastening systems designed for rail transit applications.  The research presented in this thesis was part of a 
larger research program funded by the FTA aiming to characterize the actual performance of railroad 
infrastructure under rail transit applications, focusing on light rail, heavy rail, and commuter rail. 
 This thesis was divided in six chapters.  Chapter 2 presented a summary of the project, the partner 
agencies, the track components that were analyzed, the instrumentation plan outlined for the study, and 
how the data collection and processing was executed.  Chapter 3 focused on the flexural performance of 
prestressed monoblock concrete crossties at the studied light rail system (MetroLink), comparing the 
obtained results with current design methodologies widely used in the field of railroad engineering.  
Moreover, a probabilistic approach to the crosstie design assessment using field data was introduced.  
Within Chapter 4, the effects of temperature on concrete crossties were investigated, studying the 
influence of the environment on the temperature distribution, and quantifying the influence of the curling 
on crosstie flexural behavior.  Also, this investigation allowed us to analyze potential residual stresses due 
to the non-linearity of the temperature gradient.  Finally, Chapter 5 introduced a field study of rail 
displacements, focusing on the performance of premium elastic fastening systems under light rail and 
heavy rail loading conditions.  As conclusion to this thesis, this Chapter presents a summary of findings 
and recommendations for future work. 
6.1 Summary of Findings 
The primary accomplishments and findings presented in this thesis include the following: 
 An automated system for data collection and data processing was successfully deployed in the 
field for long periods of time.  This joint effort made by researchers at UIUC’s RailTEC reliably 
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obtained results for 14 months of data collected at MetroLink and eight months of data collected 
at NYCTA. 
 Assumptions made by current concrete crosstie design standards were found to be inaccurate, 
presenting a sizeable gap between the expected design bending moments and actual field 
bending moments observed through field experimentation on MetroLink. 
 Field bending moments at the critical sections were collected for 14 months, capturing the 
environment related variability.  These moments were successfully fit to standard distributions. 
 A probabilistic framework for the crosstie analysis was presented.  Geometric and material 
parameters were used for the capacity model, and field-obtained bending moments were 
employed on the demand model, generally more challenging.  SRA concepts were used to 
analyze the MetroLink crosstie design.  The three employed methods (FORM, SORM and MCS) 
presented similar results.  The crosstie “Design 1” was found to be overly conservative for the 
loading level found at MetroLink. 
 A linear relation between the ambient temperature and the temperature at top and bottom of the 
crosstie was found at the three different sites and the four different studied designs.  The effect of 
the direct exposure of the top of the crosstie to solar radiation was also found to influence the 
maximum and minimum gradients. 
 The curling of concrete crossties due to temperature gradient presented a noticeable influence on 
the flexural performance, changing the support conditions.  The relation between bending 
moment and temperature gradient under a constant loading scenario was found to be linear, with 
similar results observed at all three sites.  In order to account for this effect in design, a 
Correction Factor of 1 kip-in/F (0.203 kN-m/C) is proposed for design of concrete crossties. 
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 The induced local stresses due to non-linear temperature gradients were investigated for the 
MetroLink light rail crosstie.  Induced tensile stresses were found to reach 13.5% of the tensile 
strength of the concrete, potentially reducing the crosstie capacity. 
 Rail base displacements were quantified at both tangent and curve sites under light and heavy 
rail transit loading conditions.  Leading axles of two-axle trucks were found to induce the largest 
displacements on the rail, both horizontally and vertically.  
 In the tangent site, there was very little rail rotation and gauge widening noted, consistent with 
conventional wisdom. 
 At the curved sites, consistent gauge widening under the passage of trains was found.  Rail 
rotation toward the field side was observed at both locations, especially under leading axles.  The 
curve sites presented more complex rail displacement behavior than the tangent site, as would be 
expected. 
 The lateral performance of the fastening systems used at MetroLink and NYCTA were 
compared, and these results were further compared to a previous study in the HAL freight 
domain.  A strong linear relationship between lateral loads and displacements was found.  When 
comparing the results, the MetroLink design presented a higher degree of gauge retention. 
6.2 Recommendations and Future Work 
This thesis has been divided in three main topics of study.  Therefore, future work and 
recommendations shall be provided in the different areas of study. 
Regarding concrete crosstie flexural performance: 
 Current design standards were shown to provide inaccurate results when compared with field 
results.  This disparity between design and field behavior can be minimized through further 
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refinement of support conditions assumptions.  Considerations related to the loading 
environment, maintenance cycle, and the stiffness of the crosstie (i.e. how much it will deform 
under a given load scenario) should also help to educate the design process.  
 A method to assess the variability in the performance due to short term factors was presented.  
As follow up study, the effect of ballast support deterioration should be implemented, in order to 
perform a reliability analysis that spans the whole life cycle of the concrete crosstie.  Being non-
trivial, an extended monitoring study or previous research in the field of ballast degradation 
could be used to approximate this effect. 
 Additionally, new limit states shall be included in the analysis, studying loading stages beyond 
initial crack development at the critical sections due to high bending moments.  The 
consideration of ultimate limit states, deformation limit states (in order to restrain gauge 
opening), or shear failure is recommended. 
About the temperature effects on concrete crossties, the following areas of consideration and 
research are proposed: 
 Temperature effects shall be considered and implemented in the design standards.   
 Further understanding of the non-linear temperature gradient effect and how this affects the 
overall flexural capacity of the crosstie shall be acquired. 
Finally, with respect to rail displacements: 
 Further study on the maximum gauge opening that can be experienced under revenue service rail 
transit loading scenarios should be undertaken, and compared to industry-standard safety limits. 
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 An acceptable maximum service gauge opening shall be developed and documented to generate a 
better fastening system design that is reflective of field demands, with the ultimate objective of 
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